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PART A 
STUDIES OF THB EXTRACTION AND FLAMB EMISSION OF YrTRIUM 
CHAPTER 1 
INTRODUCTION 
A� Historical Introduction 
It  is somew��t of a paradox that part of the earliest recorded 
work on flame spe�tra involved the d iscovery by Kirchhoff and Bunsen 
of two new elements, ces ium i.n 1860 and rubidium in 1861.1 From that 
thne unt il the early 1930's , a period of nearly three-quarters of a 
century, t he usefulness of flame spectroscopy was restr icted largely to 
qualitat ive applications . The major d ifficult ies which were encountered 
in quant itat ive analys is were in burner des ign and in methods of repro­
ducibly introducing samples into the flame . Lundegardh2 is cred ited 
with recogniz ing the quant itat ive appl icat ions of flame exc itat ion as 
a useful and convenient method of analys is . This was due mainly to 
his bnproved method of introducing samples into the flame with a d is­
charge type atomizer . Lundegardh-type spray chambers are st ill utilized 
on some c�erc ial f lame photometers . 3 Modern electronic circuits and 
the introduct ion of the electron multipl ier photOtube have permitted 




B .  Organic Solvents and Flame Photometry 
A major contribut ion to the ut il ity of flame-spectrophotometric 
methods has been the use of organ ic solvent s .  Aqueous-organ ic solu­
t ions and nonaqueous organic solvents aspirated directly into a f lame 
have become accepted techniques for flame-photometric analysis . Smit , 
Alkemade , and Verschure4 were the first to take advantage of the in­
creased emiss ion sens itivit ies of sod ium and potass ium when organ ic 
solvents, such as the low molecular we ight alcohols  and ketones ,  were 
mixed w ith aqueous solut ions . 
Purely nonaqueous solvent systems were f irst reported by Conrad 
and Johnson5 in the analysis of metal add it ives in lubricat ing oils. A 
common method of analys is for lead in gasol ines was developed by Gilbert6 
whereby the gasol ine samples were aspirated d irect ly into a flame .  
Solvent extract ion systems are becoming widespread in the ir use­
fulness f or flame photometry. A jud icious choice of che lat ing agent , 
pH ,  and solvent gives a h igh degree of versat il ity to this method of 
analys is . Many interfer ing elements can be elim inated . The atomizat ion 
of a combust ible solvent produces a larger flame and metal emiss ions are 
increased many-fold, bringing many elements with weak f lame emiss ion 
within the realm of flame-photometric methods of analysis . 7 
C .  Early Work on Yttrium and the Rare Earths 
Pic cardi8 and P iccard i and Sberna , 9 in classifying the yttrium 
oxide bands in the flame , reported a good spe ctrum with 0.001 per cent 
3 
yttrium oxide . Plant inga and Rodden,10 using the spark- in-f lame method 
of Hult igren , 11 gave 0 . 0001 �of yttrium as it s limit of detect ion , but 
reported an unsteady emiss ion below 0. 001 M .  (equivalent t o  89)Ug .  of 
yttrium per ml . ). An approximate analys is scheme was employed in which 
the emission of yttrium solut ions were measured after succes s ive d ilu­
t ion until the yttrium bands were no l onger detectable . Pinta12  
examined the f lame spectra of d ilute solutions of the rare earths us ing 
a small pr ism spectrograph and air-acetylene flames. Sens it ivit ies 
ranged from 4pg . per ml . for europium to 50)Ug• per ml . f or praseodymium .  
I n  a later study , P intal3 stud ied the eluate fract ions fran an ion ex­
change column. Concentrat ions of rare earth oxide up t o  0 . 5  per cent 
were determined . 
Rains, House , and Menis l4 reported the flame spectra of yttrium 
and the rare earths fran an organ ic aerosol with an oxy-hydrogen flame . 
Direct-current arc procedures for yttr ium are lhnited to the 50- to 100-
pg .  per m l .  range .
15 
D. Statement of the Problem 
A lthough the flame spectrum of yttr ium has been well def ined in 
previous work, very l ittle inf ormat ion was available in regard to the 
effect of sp�ctral and rad iat ion interferences , other than the rare 
earths, upon the emiss ion of yttrium . Informat ion regard ing the optfmum 
condit ions for the f lame-phot ometric determinat ion of yttrium was lack­
ing also .  The ma in objective of this phase of work was clarif icat ion of 
these point s .  Development of a suitable method of analysis for yttrium 
was als o  considered . 
CHAPTER II 
APPARATUS AND REAGENTS 
Ae Apparatus 
1 e Flame Spectrophotometer 
A Beckman Model DU spectrophotometer with a mod ified Model 9220 
flame atbacbment and Model 4304 photomultipl ier  unit was used . The 
modifi cation on the flame attachment consisted of a rack-and-pinion 
burner mount whereby the burner could be raised and lowered at will . 
A Beclanan Energy Record ing Attachment ( ERA) , Model 5800, coupled the 
photomultiplier output to a Bristol Dynamaster Recorder ,  Model 1PR560-51 .  
The recorder had a 10-mv . , full-scale response with a 2/3-second pen 
response.  The chart was driven  at a rate of 4 inche s per minute . The 
wavelength positioning knob on the Beckman Model DU was replaced with 
a motor-driven gear train which rotated the wavelength shaft at approxi­
mately 0 . 17 revolutions per minute. A 10 . 5-t o-1 gear reduction knob per­
mitted fast manual positioning to the wavelength region desired. 
A Beckman Model 4030 integral aspirator-burner , designed for 
use with acetylene and oxygen, was used as the excitation source . 
2. Rotameter 
A pair of Brooks, Sho-Rate "150", Model 1 356 rotameters were used 
to meter the flows of oxygen and acetylene to the burner . Tube number 
3-15-4 was used to regulate the oxygen flow and tube number 4-15-2 was 
used t o  regulate the acetylene flow. The rotameters were calibrated 
4 
5 
under operat ing condit ions by the use of a Prec is ion Wet-test Meter. 
3 .  Precis ion Wet-Test Meter 
The Prec is ion Wet-test Meter provided a means of calibrat ing the 
rotameters used to  regulate the f low of gases under operat ing cond itions . 
The aspirating capillary was sealed to insure that all of the gases flow-
ing through the burner would be measured by the Wet-test Meter . 
B .  Instrument Sett ings 
The following instrument sett ings were employed: ; 
BRA, per cent adjust 60 
Selector switch, pos ition 0.1 
Phototube res ist or ,  megohms 22 
Phototube (RCA 1P28) ,  volts per dynode 60 
Acetylene flow,  cu . ft. per hr. 2.25 
Oxygen flow, cu . ft . per hr . 7.38 
S l it width , mm . 
Spectral ( half ) band width (at 600 m1) ,  
1 .05 
c. Reagents 
1. Demineral ized Water 
Demineralized water was used in the preparation of alt solut ions . 
This was prepared by pass ing ord inary d isti lled water through a column 
of Amberl ite MB-3 res in .  
6 
2 .  4-Methyl Pentan-2-0ne � -- -
Practical grade 4-methyl pentan-2-one was used without further 
purif ication. 
3. �-Thenoyltrifluoroacetone Solut ion 
A 0.1 �· solution of 2-thenoyltrifluoroacetone ( TTA) was prepared 
by d issolving 5. 5 g .  of technical grade 2-thenoyltrif luoroacetone in 
4-methyl pentan-2-one and then d ilut ing to 250 ml. with add itional sol -
vent . The solution was stored in a cool place and protected from l ight .  
4 .  Standard Yt!rium Solutions 
Yttrium nitrate,  c .  p. grade , was precipitated as the oxalate , 
washed with boiling water , and ignited to  the oxide , Y203 . A standard 
solution of yttrium,  1.00 ml . equivalent to 4,00 mg. of yttrium, was pre-
pared by dissolving 1,270 g. of yttrium oxide in a minimum amount of 
concentrated nitric acid and 30 per cent hydrogen peroxide to cause d is-
solution . The solut ion was boiled to re move excess hydrogen peroxide 
and the volume was adjusted to 250 ml. with demineral ized water. Less 
concentrated standards were prepared by appropriate d ilutions. 
5. Buffer Solutions 
Reagent grade acetic acid ( 0.5  mole ) was d iluted with ammonium 
hydroxide until the desired pH value was attained . The solution was 
d iluted to 500 ml. ,  giving a buffer s olution 1 . 0  �· in total acetate . 
Solutions 0,5 M .  and 1 . 5  M.  in total acetate were prepared in an 
analogous manner .  
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6. Anion Solutions 
The following reagent grade compounds were d issolved in de miner-
al ized water to give an anion concentration of 10, 000 )lg• per ml . Other 























6. 1559  
6.8775 
The fol lowing reagents were dissolved in de mineral ized water by 
conventional means �o give a cation concentration of 10, 000 ?g. per ml . 
Other concentrations of cat ion used were prepared by appropriat e d ilution . 
Grams per 500 ml . 
C�t ion Compound of Solution 
A1+3 Al metal 5.000 
Ba+2 Ba(N03)2 9. 512 
ca+2 Ca(N03)2,4H20 29. 460 
ce+4 Ce(S04)2 11.858 
co+2 Co(N03)2·6H2C) 24.690 
8 
cr+3 Cr(NO 3) 3 • 9Hil 38.472 
cu+2 Cu metal 5.000 • 
La+2 La(NO 3) 2 • 6H20 14.876 
Mg+2 MgO 8.290 
Mn+� Mn metal 5.000 
Ni+2 Ni(NH4)2(S04) 2•6H� 33.651 
K+ KN03 12.830 
Na+ NaN03. 18.480 
Th+4 Th(N03)4•4R20 11.895 
uo2
+2 U02(C3H302 )2 • 2HtJ 8.909 
vo2+ NR4Vd3 10.964 
zn+2 Zn metal s.ooo 
zra+2 Zr0(N03)2•2H2') 14.650 
CHAPTER III 
EXPERIMENTAL RESULTS AND DISCUSSION 
A. Flame Spectrum 
The flame spectrum of yttrium comprises several molecular band 
systems, each rather narrow. lleads of the band systems are located at 
468, 484, 506, 509, 597, and 613 �.
8•9•12•14•16 The first five bands, 
being rather less sensitive than those at 597 and 613 mr· were not 
investigated. The bands at 597 and 613 � are very intense, quite 
narrow, and only slightly degraded toward the red. They arise from 
the transition between the first molecular excited state and the ground 
state and belong to the orange system.17 The general appearance of the 
flame spectrum of yttrium over the wavelength region 580 to 630 � is 
shown in FigQre 1. The dashed line represents the oxygen-acetylene 
flame background when aspirating solvent only. 
The 597-� and 613-� bands rest on the slope of the intense C2 
continuum associated with the Swan C2 band systemso The background in 
thi� region is free of band emissions from the flame gases and is, con­
S$quently, quite smooth in appearance. However, in very fuel-rich 
flames or near the highly luminous reaction zone, the background becomes 
rather erratic, with increasing slope, and creates some difficulty in 
determining backgro�nd corrections. The unresolved yellow doublet of 
sodium, apparent as a single peak, unavoidably appears as an impurity 






Figure 1 .  Flame spectrum of yttrium showing band heads at 
597 m)l and 613 llljl• 
10 
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1. Background Correction 
A co�rection was made for the flame background emission at the 
wavelengths 597 and 613 11jll· The background emission in the vicinity 
of the 597-� band was read at 593 and 608 �· the minimum readings on 
either side of the crest. The average of these readings was then sub­
tracted from the reading at the crest of the band. In like manner, the 
613-� band was corrected by taking background readings at 608 and 625 �· 
2. Emission Sensitivity 
For the instrument settings employed and the particular photo­
multiplier tube installed, the emission sensitivity was 0.25;ug. of 
yttrium per ml. per 0.1 mv. at 597 �· The 613-� band was about one­
half as sensitive as the 597-11jll band and had an emission sensitivi�y 
of 0.5S)lg• of yttrium per ml. per 0.1 mv. These values were for a 4-
methyl pentan.2-one solution of yttrium and represented a 400-fold 
enhancement over values obtained under opthnum conditions for an aqueous 
solution of yttrium. 
B. Working Curve 
The band heads at 597 and 613 � were very sensitive. At these 
wavelengths an ERA setting of SO per cent gave a chart reading of approxi­
mately 4,0 mv. when using a 4-methyl pentan-2-one solution of yttrium 
containing 12. 5 )lg. per ml. The calibration curve was linear up to 20 
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Figure 2. Emission of yttrium as a function of the concentra­
tion of yttrium in 4-methyl pentan-2-one. 
13 
C .  Slit Width 
The slit width used was 0.030 mm . which corresponded to a spectral 
band width (width at one-half the net peak height) of 1.05 � at 597 �· 
At larger slit widths the two bands at 597 and 613 � were incompletely 
resolved from each other and from the s od ium doublet at 589.0 and 589.6 
. 
ll?lo The one-half band widths of the yttrium bands were 6 and 5 � for 
the 597 and 613� band heads, respectively. 
D .  Effects o f  Flows of Acetylene and Oyxgen on Emission Intensities 
The variation of the intensity of the 597-� band of yttrium as a 
function of the ratio of oxygen flow to acetylene flow for a number of 
fixed oxygen (and acety lene) flows when injecting an aerosol of 4-methyl 
pentan-2-one is shown in Figure 3. For fuel-rich flames, as the oxygen 
fl� increased, a definite maxhnum occurred in the emission intensity. 
The increase in emiss�on intensity probably resulted from a concurrent 
increase in aerosol aspirated which in turn increased the time-concentra-
tion of yt
_
trium in the flame and thus effectively increased the am ount of 
yttrium available for excitation and emission. High acetylene flows pro-
duced luminous and unsteady flames, consequently, the flame background 
stability became the determining factor in the choice of the optimum 
acetylene flow. 
At lower acetylene flows the emission intensity decreased. This 
resulted from a marked decrease in flame size and a lowering of the 
energy content of the flame due to the decrease in the combustible 
70 
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.Fi-gure 3. Emissivi-ty of the 597 �-band head of yttrium as a function of the 




component of the gases. At the lower limit of acetylene flow (1.3 cu. ft. 
per hr.) the slight increase in emission intensity, as the oxygen flow was 
increased, was again due to the resulting increase in aspirati on rate. At 
high ratios of oxygen flow to acetylene flow, the aerosol itself became 
the major source of fuel. The flame was usually extinguished when the 
burner capillary was withdrawn from the solution. The optimum ratio of 
oxygen flow to acetylene flQW were 3.0-3.8, and tended toward the lower 
ratio as the oxygen flow increased con�omittantly with the acetylene flow. 
In many respects the excitation condi�ions resembled those recommended for 
aluminum18 and lanthanum,l9 other members of Periodic Group III. 
1. Burner Height 
� cursory study of the emission intensity as a function of the flame 
region viewed revealed the region of maximum emission intensity occurred 
immediately above the inner cone. An extensive treatment was precluded 
by the unstable character of the flame background in the vicinity of the 
inner cone. The normal position of the burner was used. Thus a region 
of the flame mantle which extends from 10 to 16 mm. above the burner tip 
was viewed. 
2. Aspiration � 
The volumetric aspiration rates of the 4-methyl pentan-2-one 
solution for a particular oxygen flow, as shown in Figure 3, are tabulated 
below: 
Oxygen Flow 
(Lite�s per Minute) 
2 . 38 
2 . 82 
3 . 14 
3 . 56 
16 
Volumetric Aspi�at ion Rate 
(Mill il iters per Minute� 
0 . 63 
0.93 
1 . 10 
1 . 38 
E. Extract ion of Yttrium 
The extrac1;ion of yttrium fran an aqueous solution into 4-methyl 
pentan-2�one was •tud ied . 2-Tbenoyltrif luoroacetone was used as the 
chelating age�t since it was known to e�ract yttrium.
20 No invest iga­
t ion of other chelating agents was made, 
The extraction was car�ied out in the f ol low�ng maqner . Five 
milliliters of a buffer sqlution , 1 �· in total acetate concentrat io�, 
was added to a solution of yttrium; t� combined solution was then 
91luted to a volume of 20 ml. The f inal concent�ation of yttri�m was 
lS)lg .  per ml. Twenty millil iters of 4-methyl pentan-�-one , 0.1 �· 
with re�pect to 2-thenoyltrifluoroacet one, was added and the phases 
equ il ibrated for 2 minutes, The 4-methyl pentan-2-one laye� was decanted 
into a 10-ml , beaker and �spirated directly into �he flame, 
1 .  Extraction Curve ----------- -
The pH of the �queous layer was measured after extract ion to 
insure that no change in pH occurred during the equil ibr�tion step. At 
a pH value which corresponded to apparently complete extraction, the 
aqueous layer was equilibrated again with 20 �1, of fresh 4-methyl 
pentan-2-one , 0 . 1 M .  in 2-thenoyltrifluoro�cetone and the extract was .,.. 
17 
aspirated . No residual yttrium was detected in the 'econd extract , 
which provide4 assurance that the yttrium was completely extracted by 
9ne equil ibrat ion with the extractant . Varying the t otal acetate con-
centration from 0. 1  M.  to 0. 3 M.  in the aqueous solu�ion d id not affect 
the position or shape of the extraction-pH curve . The equil ibrat ion 
t ime was not crit ical ; extractions were complete after 2 minutes pf 
gentle shaking. Vigorous agitat ioq was avoided as it produced emulsions 
which p�rsisted for 30 minutes or more . 
The nature ()f the extr;action-pH curve is shown in Figure 4, Ex-
traction began at pH 1 . 3  and was complete at pH 4 .2 and up to at least 
pH 10 . A PH of .5 was chosen as a suitable pH value for further ext
.
rac­
tions. The pH value at SO per cent extraction , PHi , was 2 . 8 .  This 
should be compared with the pHi value of 3,20 which �s reported f or 0.2  
M .  TTA in benzene . lt seems to  be a g,neral rule that oxygenated sol-
-
vents marked�y enhance the extraction of sQme cations.21 
2. Aqueous-Organic Volume Ratio 
I -
The effect of the aqueous-organic volume rat io was found to be a 
factor in the appare�t concentrat ion of yttrium in the organic phase . 
In Table I the per cent recovery of yttrium is shown for some aqlleous-
organic volume ratios . A total of 200)Ug• of yttr ium wa� initially 
present in the aqueous phase . The volume of the organic phase was 10 
ml. The apparent increase in concentrat ion was due t o  the decrease in I 
the volume of the organic phase after equilibration. The amount of 
yttrium extracted was not effected , but the concentrat ion of yttriu� 
t 
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&ren mill il iters of organic phase was initially pr�sent . The 
aqueous phase contained an init ial wei ght of 2PO)Ug. of yttrium. 
20 
increased in the organic phase due to the loss in volume of the organic 
phase. A prior equilibration of the extracting solution with the acetate 
buffer reduced the v9lume loss of the organic phase, however, the acetate 
buffer apparently dissolves an appreciable quantity of the 4-methfl 
pentan-2-one. A snnilar effect was observed by Eshelman, Dean, Menis, 
18 and Rains for the extraction of aluminum with 2-thenoyltrifluoro-
acetone dissolved in 4-methyl pentan-2-one. A prior equilibration of 
the a�etate buffer with the organic phase was recommended. 
F. Interference Studies on the Emission of Yttrium 
The e�ent to which other elements interfere with the emission in-
tensity of yttrium is given in Tables II and Ill. The quantities indicated 
for the iqdividual elements represent initial amounts present in the 
aqueous solution before extraction. No attempt was made to detefmine 
the degree of coex�raction of a diverse element with yttrium, although 
data are available oftentime�.21 Solutions of the test ion in the 
absence of yttrium were carried through the extraction procedure to 
ascertain the extent of spectral interference. The degree of interference 
as tabulated would then apply to the 4-methyl pentan-�-one solution con-
taining a total of 200)lg. of yttrium and perhaps an undete�ined amount 
of interferant. The tolerance lUnits are of practica� value for ascer-
taining the maxhnum permissible level of interferant that will not be 
detrimental to the extraction procedure or to the emission spectrum of 
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1. Calcium Interference 
Calc ium accompanied yttrium in the extraction and presented 
serious spectral interference . Calcium possesses strong oxide bands of 
the orange system with  prominent heads from 598 to 636 �.17 The 
appearance of this band system in the flame spectrum is shown in Figure 
5 .  Fortunatel y ,  the interference from calc ium was c ircumvented by a 
backwashing step . The 4-methyl pentan-2-one solution c ontaining yttrium 
and calcium was equil ibrated with an equal volume of a buffer solut ion , 
0.1 M .  in total acetate and having a pH value of 5 .  This effectively 
removed all traces of calcium from the 4-methyl pentan-2- one solut ion 
wit hout any detectable loss of yttrium. 
2 .  Cerium Interference 
Cerium( IV) destroyed the chelat ing agent . Cerium( III) coextracted 
and showed a cont inuum in the region of the yttrium bands , which rendered 
a background correct ion imposs ible above a tolerance lbnit of 2 mg. of 
cerium(III) at the 597 � band head. A tolerance l hnit of 4 mg. was 
permiss ible when the 613 � band head was used. 
3. Cobalt Interference 
The presence of cobalt produced a general increase in background 
reading. A background correction was hnposs ible above a tolerance l hnit 
of 2 mg. of cobalt . There was no d irect spectral interference fran bands 
or l ines . 
24 
Wavelength, � 
Figura s. Calc ium spectrum from 580 � to 620 m} from a solution 
of lOO)Ui• of calcium per ml. of 4-mathyl pantan-2-ona. 
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4. Copper Interference 
Although copper d id not exhibit e ither a pronounced continuum 
or d irect spectral interference , its presence had a severe quenching 
action on the yttrium emission.  
s . �( Ill) Interference 
Iron( Ill) was coextracted with yttrium . A series of oxide bands 
with heads at 597 , 610, 611 , 618 , and 622 � offered d irect sp�ctral 
interference . Figure 6 illustrates the emission character of the oxide 
bands of iron, Since the relative intensity of the iron oxide bands 
was rather weak, some iron could be tolerated or it could be reduced to 
the d ivalent state which does not extract . 
6 .  Lanthanum Interference 
F igure 7 illustrates the strong oxide band system f or  lanthanum 
which is centered around 590 �· This band const ituted a serious spectral 
interference f or the 597� band of yttr ium; however , �he 613-� band was 
free fran lanthanum interference . 
7. Manganese Interference 
A strong MnO band at 586/589 � is shown in F igure B. Direct 
spectral interference was encountered for the 597-� band of yttrium. 
No d if ficulty was met in the use of the 613-� band to record emiss ion 
intensities for yttr ium . 
Background 
600 620 
Wavelength , � 
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Figure 6 .  Iron spectrum f ran 580 mp t o  620 m)l fran a 4-methyl 
pentan-2-one solution which contained 200)1g• of iron per ml . 
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sao 
Wavelength , � 
Figure 7 .  Lanthanum spectrum fran sao mp t o  620 mp fran a 4-





Figure a .  Manganese spectrum fran sao 111)1 t o  620 � fran a 4-
methyl pentan-2-one solution which contained 200)18• of manganese per 
ml . 
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8. Thor ium Interference 
Thor ium produced a general increase in the background radiation 
level . When a correction was applied for the increase in background , 
sat isfactory results were obtained for the emission intensity of yttrium . 
9 . Vanadium, Zinc , � Zirconium Interferences 
Vanad ium , z inc , and z irconium d id not exhibit spectral inter­
ference and the flame background was essent ially unaltered . However , 
these elements seriously quenched the yttrium emission. 
10.  Rare Barth Interferences 
Interferences from the rare earths have been summarized by Rains, 
Bouse , and Menis . 14 Gadol inium ,  europium , and terbium possess strong 
band systems in the region of the yttrium bands at 597 � and 613 � 
which would offer d irect spectral interference . 
11 . Anionic Interferences 
Of the anionic substances that were tested , f luor ide , oxalate , 
and phosphate interferred seriously by precipitating yttrium from the 
aqueous solution and thereby prevent ing the extract ion of yttrium. 
CHAPTER IV 
SUMMARY 
The Beckman DU flame spectrophotometer has been employed in a 
study of the flame emission characteristics of yttrium .  The yttrium 
oxide bands which crest at 597 and 613 � are very sensitive in the 
oxygen-acetylene f lame .  A 400-fold enhancement in the emission sensi­
t ivity of yttrium is obtained when a 4-methyl pentan-2-one solution of 
yttrium is aspirated in place of an aqueous solut ion.  The emission 
sensit ivities of the two band heads are 0.25 )lg• of yttrium per ml.  per 
0. 1  mv. ( per cent T) at 597 �and 0 . 55)Ug. per ml . per 0 . 1  mv. at 613 
�' using 4-methyl pentan-2-one as the solvent . 
The optimum rat io of oxygen to acetylene flows range between 3.0 
and 3 . 8  for maxbnum emission and a favorable f lame and background sta­
b il ity. In many respects the excitation cond it ions resemble those 
recommended by Eshelman , Dean , Menis, and Rains1 8  and Menis , Rains , and 
Dean19 for aluminum and lanthanum, respect ively.  
An extraction procedure was ut ilized using a 0 .1  M.  solution of 
2-thenoyltrifluoroacetone d issolved in 4-methyl pentan-2-one . The ex­
tract ion was made from an aqueous solution buffered at pH s. A varia­
t ion in the total acetate concentration of the buffer d id not affect the 
extract ion curve . 
The effect of numerous cat ionic and anionic species upon t he ex­
tract ion and subsequent emission intensity of yttrium was determined . 
Tolerance l hnits were de l ineated in instances where interferences were 
30 
31 
encountered . Calcium ,  iron , lanthanum , and manganese were the only 
cationic species stud ied which offered spectral interference. Calcium 
interference was circumvented by a back extract ion with a solut ion 
buffered at pH 5. Fluoride , oxalate , and phosphate ions precipitated 
yttrium from the aqueous solut ion and thereby prevented the extraction 
of yttrium. Interference from the rare earths has been summar ized by 
14 
Rains , House , and Menis . 
Several appl ications of a flame-phot ometric method of analys is 
for yttrium in the 2- to 10-parts-per-million range are suggested . The 
development of a �lame spectrophotometric method f or the rap id deter­
mination of yttrium should be of interest t o  workers in the f ields of 
nuclear chemistry and metallurgy . The use of a non-rad ioact ive form 
of yttrium would permit the use of yttrium as a marker in biol ogical 
studies .  The determinat ion of yttrium in the past has been seriously 
l imited by the lack of sens it ive analyti cal methods ,  other than by rad io-
tracer techniques . 
� !. • 
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PART B 
DROPLET SIZE OF AEROSOLS IN FLAME PHOTOMETRY 
CHAPTER I 
INTRODUCTION 
A.  Atomiz at ion in Flame Photometry 
Mavrod ineanu and Boiteuxl have summarized the early methods of 
introduc ing s amples into the flame .  In one method , solut ions were fed 
into the f lame from a gl ass tube along a bund le of plat inum wires . 
Rotating a plat inum-gauze d isk successively f rom the solut ion into the 
flame was another method . Dry s amples have been f ine ly powdered and 
blown into the flame ,  and rolls of f ilter paper conta ining evaporated 
s alts have been fed at uniform rates into the flame . The most sat is­
factory method of introducing samples into the f lame involves aerosol 
production from solution med ia . An aerosol , by its gaseous nature , c�n 
be intermingled w it h  fue l components and uniformly d istributed through­
out the f lame • 
Two types of atom izer are used in f lame photametry .2 In the dis­
charge type of atomizer , a high speed jet of air is d irected at r ight 
angles to a gravity-fed l iquid 'stream. The impact of the air stream 
with the l iquid stream s hatters the l iqu id into a mult itude of drops . 
The droplet- l aden air stream is usually directed through a condens ing 
chamber before reach ing the burner t o  allow l arger droplets a chance 
�o coalesce on the chamber walls and dra in away. As a result , only a 
f ine mist is fed to the burner which is  usually a Meker-type burner.  
3 6 
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The aerosol-air mixture also suppl ies  the oxidant for the fuel combustion. 
Although extremely f ine liquid-air d ispers ions can be obtained us ing the 
d ischarge type of atamizer v only a small percentage of the aspirated 
sample actually reaches the flame .  
The second , and perhaps more popular , type of atomizer is the 
total consumption atomizer . The burner and atomizer are an integral 
unit . Three concentric annul i are used . The outer annulus is for passage 
of fuel gas , the middle annulus is for the passage of air or oxygen, and 
the center capillary is for the introduct ion of the sample to the flame .  
A high vel ocity oxygen fl�.  concentric t o  the capillary . will create a 
region of lowered pressure in the capillary and draw the l iquid sample 
out into the oxygen stream as a f ine ligament . The effects of turbulence 
of the oxygen stream and the stretching of the l igament causes it to 
shatter into fine droplets . All of the sample is fed into the flame ,  re­
gardless of droplet s ize . The attractive feature of the total consumption 
atomizer is the smaller amount of sample used per unit t�e as compared 
with the d ischarge type of atomizer. 
B .  Mechanism of Pneumat ic Atomization 
Rayleigh3 made the f irst theoret ical investigation into  the break­
up of l iquid jets . He considered the pr oblem as an instability effect 
caused by two factors . The f irst was the unstable character of a l iquid 
cylinder due to the forces of surface tens ion act ing to cause the liquid 
to detach itself into masses of larger diameter. A second instability 
effect was a consequence of the translat ional movement of the l iquid 
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cyl inder .  The surface of the l iquid cylinder is d isturbed in a wave­
l ike manner as a result of a velocity different�al between the l iquid 
and air stream . 
L�e and Spencer4 made a number of photomicrographs of fuel sprays . 
These showed very clearly the nature of the breakup of a l igament of 
l iquid . The effect of surface tens ion was shown at low jet veloc ities 
as the l igament of l iquid broke up into ·spherical drops . At higher jet 
veloc it ies the photomicrographs ind icated a ruffl ing of the l iquid jet 
surface until a point was reached where the surface tension and viscos ity 
of the fluid were overcome by the turbulent act ion of the air stream, re­
sulting in a random shatter of the fluid jet . Schwe itzer5 emphas ized 
the effect of turbulence on atomizat ion and clabned that the surface 
tension was of minor hnportance at high jet veloc ities and that viscos ity 
was the control l ing liquid property . 
From studies of photomicrographs of jet-stream breakup , Nukiyama 
and Tanasawa6 observed three stages in the atomizat ion of liquid streams: 
( 1 )  At low air veloc it ies the characteristic swell ing and contract ion of 
the jet stream resulted in the format ion of a series of drops which 
separated from the ligament of the l iquid . (2 )  At intermediate air 
velocit ies the fluid jet became d istorted and portions of the fluid jet 
were detached and drawn out into f iner l igaments . ( 3) High air veloci­
ties  produced f ilms from the fluid jet segments which subsequently broke 
up into an extremely fine mist . 
Lane , 7 using flash and spark photography , clearly illustrated the 
nature of the breakup of water droplets in a steady stream of moving air.  
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This type of atomization is independent of the nature of the breakup 
of the original f luid stream and const itutes a secondary process of 
atomization where large droplets are shattered to form smaller droplets .  
The water droplet is flattened and eventually blown out into a bag-l ike 
f ilm with a rid ge of thicker l iquid at the neck of the bag. The f ilm 
bursts and produces a mist of fine droplets ,  leaving the circular ring 
at the neck of the bag intact . This heavier ring later d isintegrates 
into a necklace of large droplet beads . One s ignificant feature of 
Lane ' s  study was the fact that at least 70 per cent of the mass of the 
original drop was retained in the liquid at the neck of the bag , and 
eventually in the larger drops after the ring had d is integrated . This 
characterist ic is borne out by experience in that with most sprays a 
larger percentage of material is d istributed among the largest drops . 
Mechanisms of atomization are very complex to  treat mathemat ically 
and are subject to the nature of the l iquid be ing atomized , the construc­
tion of the atomizer , and the relat ive velocit ies  of the gas-l iquid 
streams . Generally the overall process can be cons idered as occurring 
in three steps : 8 
1 .  The development of a d isturbance along the surface of the 
fluid stream due to instabil ity . The poss ible causes of the disturbance 
are: 
( a) surface tens ion 
(b) inertial forces 
( c) imperfect ion of the nozzle orifice 
(d )  vibration of the nozzle 
40 
(e)  turbulent fl� conditions . 
2 .  The formation of ligaments , f ilms , or threads by the action 
of the a ir stream on the initial point of d isturbance . The l igaments 
will fragment and under the inf luence of surface tens ion the fra8ments 
will form spherical drops . 
3 .  The f inal breakup of large drops into smaller droplets ,  if 
the vel oc ity of the drop is st ill high with respect to the surround ings . 
This can be instantaneous for extremely high veloc it ies , or involve a 
slower distort ion of the droplet with the format ion and ult imate shatter­
ing of the bag-l ike f ilm . 
c.  Experimental Methods for Obtaining Drop S ize 
The measurement of droplet s ize in an aerosol spray involves the 
stat ist ical d istribution of numerous s ize classes . It is , therefore , 
necessary to  obtain a true representation of all s ize c lassif icat ions 
and , in parti cular , to tabulate accurately the frequency of occurrence 
of a s ize group . Pilcher9 has given an excellent review of t he handi­
caps and methods of measuring droplet s izes and has class ified 40 d if­
ferent treatments under s ix main classes of methods . 
1 . Microscopic Methods 
The most general method for determining drop s izes with a minimum 
of equipment is to  collect a spray sample on a glass sl ide and count the 
various s ized drops . A serious difficulty is that the smaller droplets 
will tend to  follow the air flow around the s l ide and not be collected 
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by bnpact on the s l ide . For volatile l iquids ,  evaporation must be con-
s idered , also the f lattening and spreading of the drops upon hnpact . 
The s l ide may be coated with a variety of substances to facilitate the 
collect ion of the spray. O il coat ings have been used f or water drop­
let s . 10• 11 • 1 2  Two common procedures are to  coat the sl ide with lamp-
black from a fuel-rich f lame or magnes ium oxide from a burning magnesium 
1 3  
ribbon. The hnpact of the droplet will leave a well  defined hole which 
corresponds t o  the d iameter of the droplet . Sprays have been injected 
into l iquids and photomicrographs taken of the suspended droplets . 14 
2. Frozen Droplet Methods 
Longwe111 5  devel oped a method of freez ing the spray droplets from 
a fuel-oil spray and , wh ile st ill frozen , the droplets were s ieved . The 
relat ive weights of oil retained in each s ieve were then determined by 
d issolving the droplets in benzene and measuring colorimetrically the 
solut ions . 
3 .  Photographic Methods 
Photographic methods offer the advantage that sprays are caught in 
free flight and the errors introduced by plac ing objects in the ir path 
to sample them are elhninated . York and Stubbsl6  used a box-type camera 
wit h  f ixed optics and open shutter.  Exposure t hnes were var ied by the 
use of a short-durat ion background l ight source . The volume of spray 
photographed was determined by knowing the depth of f ie ld and angular 
view of the lens system . 
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4 .  Opt ical Methods 
Indirect opt ical methods ,  based on l ight-scattering methods ,  have 
been developed for extremely f ine mist s .  These include measurements made 
by light transmiss ion , intens ity of s cattered l ight , color of the scattered 
l ight , and polarizat ion of the scattered l ight . 17 
s. Electronic Methods 
Guyton18 deve loped an electronic counter based upon the electro­
stati c  charging of small particles . The se part icles were forced to hn­
pinge upon a metall ic col lector where the electrostat ic charges were 
ampl if ied and made to operate a mechanical t imer.  Electronic d iscrimin­
ators were used to determine the droplet s ize , dependent upon the charge 
each s ize droplet would carry. 
6 .  Cascade Impact ors 
A number of cascade fmpactors13 • 19 • 20 have been developed . In 
pr inc iple a spray is all owed to fmpinge on a sl ide with a relat ively low 
veloc ity. The larger droplets will be impacted on the sl ide while the 
smaller droplets are swept around the target . Increasing the veloc ity 
of the spray stream by using smaller or if ices of pas sage causes each 
succeed ing stage to col lect increas ingly smaller droplets . Each s l ide 
is then given a microscop ic examinat ion to  determine the range of droplet 
s izes . F or  highly volat ile liquids cons iderable success has been achieved 
by coat ing the sl ides with a layer of magnes ium oxide .1 3  The techniques 
for determining droplet s izes are ident ical w ith those used in s imple 
microscopic methods .  
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D .  Mathemat ical Express ion of Droplet Size Distribut ion 
1 .  Empirical Functions 
The mechanism of atomization is yet but little understood . As a 
�esult , there is no theoret ically sound method of pred icting the d is­
tribution of droplet s izes .  Consequently , various stat ist ical treatments 
have been developed f or particular types of sprays . The general repre­
sentat ion of the drop-s ize d istr ibution involves a distribution function ,  
f (x) , with two evaluable parameters , the mean d iameter and an index of 
pre cis ion represent ing the deviat ion from the mean .  Mugele and Evans21 
have critically reviewed the various functions that have been proposed 
for treat ing the droplet s izes . 
whe re 
A strictly empirical funct ion was proposed by Rosin and Rammler .22 
a 
V = 1 - e-(x/X) ( 1 ) 
V = volume fract ion of the spray of drop of d iameter less than x 
x = drop d iameter 
i = s ize parameter 
c( =  d istribut ion parameter . 
The function was originally conce ived for the d istribut ion of part icle 
s ize in grinding m ills , but it has been applied successfully to analys is 
of sprays . 
Another c ompletely empirical function was proposed by Nukiyama 
and Tanasawa6 from their stud ies on sprays formed by air atomizat ion . 
where 
:= = volume distribut ion 
x = droplet diameter 
b = size parameter of d bnensions of x-or 
r ( 6/c() = general ized gamma function . 
= 




The d istribution functions of Ros in and Rammeler and of Nukiyama 
and Tanasawa are very difficult to manipulate mathemat ically. As indi­
cated by Marshal1 , 23 no the oretical bas is exists f or accepting or re-
jecting any particular d istribution function . The mathemat ical s Unpl icity 
and ease of computat ion of a d istribution funct ion are logical reasons 
f or a select ion , as long as the funct ion is cons istent with the data. 
2.  Log-Normal Distribut ion Funct ions 
Another distribut ion funct ion which has proven to  be applicable 
to sprays and crushed powders is the log-normal d istribut ion function.  
This is  a purely stat ist ical funct ion , based on the premise that if the 
data are cons istent with the l og-normal d istribution , then the natural 
logarithm of the drop d iameter is distr ibuted in a normal (Gauss ian) 
distribut ion . Fol lowing the notat ion used in Mugele and Evans , 21 the 
applicat ion of the log-normal d istribut ion is developed as follows : 




X y = ln -:­
x 
� = normal d istribut ion funct ion 
x = droplet diameter 
x = s ize parameter 
d = s ize d istribut ion parameter . 
dv -' - = -..;0'=-dx x (.,-
The relat ion of the parameter c( to the standard deviat ion 
of the log-normal d istr ibution funct ion is given by : 




The subst itution of a( and y in Equat ion 4 gives the standard log-normal 
d istribut ion funct ion: 
dv _ 
Clx - ( 6) 
The cumulative volume , V ,  is obtained by integrat ion of Equat ion 
6 :  








( ln x/i) 
dx 
To facilitate the integrat ion of Equation 7 ,  a subst itut ion of 
u = 
and 
dx = X V2 r;r dU 




in Equat ion 7 g ives 
1 v = �v .,-=-- ( 10) 
Equat ion 10 is the normal d istribution function and can be evalu-
ated by the use of tables of the probability function . A much more 
convenient method is to plot x ,  droplet d iameter , versus the cumulat ive 
volume fract ion , V ,  on log-probability paper , where the ord inate is log 
x and the absc issa is the volume fract ion on a probab ility scale . This 
type of plot will yield a straight line if the drop sizes are d istributed 
in a l og-normal d istribution . 
The size d istribution parameter , o(, can be found fran the slope of 
the l ine . Equation 10 can be integrated t o  obta in the total cumulative 
volume , V: 
V = i [1 + erf (U )] ( 11 )  
where erf( U) is the error funct ion of u .  I f  Equat ion 1 1  is solved for 
U ,  an equat ion is obtained which is linear in ln x z  
U = erf- 1  [2V - 1] = cl" ln x/i ( 12) 
where erf- 1  [2V - 1] is the inverse error funct ion of [2V - 1] . 
3 .  Upper-Limit Funct ion 
Mugele and Evans21 introduced into the log-normal d istribution 
function a third parameter ,  Xm , which represented a maxhnum drop d iameter. 
They suggested that such an upper l hnit , xm , was more real istic than the 
concept of an infinitely large drop of inf initely small probability of 
occurrence . The mathemat ical treatment is ident ical with that developed 
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for the log-normal d istr ibut ion except now the d istr ibution funct ion is 
given by: 
ax 
y = ln ---­
Xm - X 
where a = a parametric constant . 
(1 3) 
The appl ication of the log-normal and upper-l bnit function is 
treated in some detail by Miesse and Putnam24 and Mugele and Evans . 21 
A good approx imat ion of xm can be obtained by plott ing the data as log 
x versus 100 V on probab il ity paper and drawing a smooth curve to fit 
the points . From this curve the 90th, 50th, and lOth percent iles , x9o , 
XSOt and XlO t respective ly , are determined . Then Xm is calculated as 
shown below: 
X�O (X90 + XlO) - 2x90 XSO x10 
2 
XSO - X90 XlO 
X 
The parameter a is determined from the plot of u = --xm--�x-
versus 100 V .  At the 50th percent ile we have : 
or 
a xso 
y = o = ln �-....;;..; .._ 
Xm - xso 
a = 
Xm - xso 
xso 
Using the 90th and 50th percent iles :  





E .  Mean Diameters 
Mugele and Evans21 have summarized the various methods of express-
ing mean d iameters and the ir usefulness in different f ie lds of appl ies-
t iono The d ifferent mean diameters depend largely upon the type of 
measurement takeno Microscopic tabulat ions furnish number averages . 
Diameters measured from sed hnentat ion or �pact ion techniques will give 
volume or mass average s o  Optical methods , in turn , are based upon the v 
surface area of the d roplets .23 Mugele and Bvans21 deve loped a general 
expre ss ion for computing any mean d iameters 
(- )
q ... p 
Xqp r= 
L xq f(x) dx xo 
rxm xP f ( x) dx 
xo 
( 17 )  
The terms q and p are usually ass igned integral values , although there 
is no restrict ion on q or p from having zero or f ract ional values . The 
other terms in the general equation have been previously def ined . For 
example , the Sauter ,  or volume-surface d iameter , would be given by: 
�� x3 f ( x) dx 
Xo 
X32 = ------------------ = {Xm x2 f (x) dx 
xo 
( 18)  
Th•as the Sauter mean d iameter can be visualized as  the diameter obtained 
by d ividing t he  volume of a particle by its surface area.  No  in-
ferences are drawn as to the exact geometrical conf igurat ion of the 
part iele , although for l iquid sprays a spherical shape is usually 
&s�umed for the droplet . 
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The mean diameters which are commonly used are tabulated below 
( from Mugele and Evans21 ) :  
g � Name of Mean Diameter 
0 1 Linear 
0 2 Surface 
0 3 Volume 
1 2 Surface - d iameter 
1 3 Volume - d iameter 
2 3 Volume - surface ( Sauter� 
P. S ignificance of Droplet S ize in Flame Photometry 
1 .  Aqueous Versus Organ ic Solvents 
Nukiyama and Tanasawa25 were able to  c orrelate droplet d iameters 





)l 0 . 45 Ql 1 . 5  
+ 597 ( r;;;a:. ) ( 1 000 -) ;ca- Qa ( 19)  
d0 = d iameter in microns of a s ingle drop having the same volume/ 
surface rat io as the total sum of the drops 
v = relat ive ve locity of a ir stream and l iquid stream in meters 
per second 
Ql/Qa = rat io of l iquid and air volume flows 
�= l iquid density, grams per cc . 
f::J : l iquid surface tens ion , dynes per em .  
,. = l iquid viscos ity in poises . 
50 
At very small values of Q1/Qa , the f irst term in Equation 19 becomes 
s ignif icant , and thus the surface tens ion and l iquid dens ity become 
hnportant factors in determining droplet s izes . Smit , Alkemade , and 
Verschure26 have demonstrated that the subst itut ion of an organic s olvent 
for water will increase the amount of small d iameter droplets in an . 
aerosol spray. Since the amount of atomic and molecular exc itat ion in 
the flame is dependent upon the number of droplets reaching the flame 
( spray chamber type of at omizer) and the evaporation of solut ion drop­
lets , it can be seen that an aerosol containing a greater number of small 
d iameter droplets will be expected to give a higher proport ion of excit� 
able metallic species in the flame .  
2 .  Evaporat ion Rates 
The t hne requ ired for the complete evaporat ion of a droplet haa 
been related to the square of the initial drop rad ius . 27 S ince for all 
pract ical purposes the time all owed f or evaporation which leads to ex­
citat ion in the f lame is the same f� any solvent system, one factor in 
flame excitation will be the droplet d iameter . The fact that a certain 
solvent is combust ible will not hasten necessar ily the evaporat ion process , 
other than the solvent combust ion provid ing an add it ional source of heat 
to the evaporat ing droplet . In fact , present theories  of droplet combus­
t ion recognize the fact that evaporat ion rates have a controll ing in­
f luence upon combust ion rates of fuel droplets . 28 Probert29 has con­
cluded that high initial rates of evaporat ion are favored by small mean 
d iameters and small d ispers ion constants of the droplet d istribut ion . 
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G .  Statement of the Problem 
The droplet s ize d istribution and mean droplet d iameters were 
determined for three solvents commonly used in f lame spectrophotometry: 
water , 4-methyl pentan-2-one , and chloroform . The spec ial upper- l imit 
funct ion of the l og-normal d istribut ion funct ion was chosen to represent 
the droplet s ize d istributions . A qual itat ive investigat ion was made to 
determine the relat ive amounts of solvent evaporated completely in the 
flame . 
CHAPTER II 
APPARATUS AND REAGENTS 
A .  Apparatus 
1 .  Chemical Microscope 
A Bausch and Lamb Type M chemical microscope , with accessories , 
was used t o  measure the droplet diameters . The diameters were measured 
with the aid of a f ilar micrometer , previously cal ibrated agalnst a 
standard stage micrometer . 
2 .  Atomizer 
The atomizer was the regular Beckman Model 4030 integral aspirator-
burner. 
3 .  Sampling Device 
The droplets were allowed to impact upon a standard glass micro­
scope slide which had been uniformly coated with a layer of magnes ium 
oxide , 
B .  Reagents 
1 .  Chloroform 
u .  s .  P .  grade chloroform was used , 
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2. Demineral ized Water 
Demineral ized water was prepared by passing ord inarr dist illed 
water through a column of Amberlite MB-3 res in.  
3.  4-Methyl Pentan-2-0ne 
Practical grade 4-methyl pentan-2-one was used . 
CHAPTER III 
EXPERIMENTAL RESULTS 
A .  Measurement of Droplet S izes 
The method employed for sampl ing the spray has been descr ibed by 
May .1 3  The Unpact of a droplet upon a slide coated with magnesium ox�da 
left a well-def ined hole which could be observed through a microsc�pa 
under strong transmitted l ight . In a later study, May30 observed that 
for a large size range and f or a wide range of l iquids and impact 
velocities, the rat io of true drop size t o  bnpression size was constant 
and equal to 0 . 86 .  It was considered that the certainty in measur ing 
the droplet d iameters was no better than ! 15 per cent ; consequently no 
correct ion of the bnpression d iameters was made . He also noted that 
droplets as small as S microns in d iameter could leave an hnpression at 
suff iciently high impact velocities . Droplet diameters were observed 
bel� 10 microns and these ware included in the d istribut ion of droplet 
diameters. The measured number of dr,oplets which had a d iameter less 
than 10 microns was probably 1�,  however .  
Droplet diameters were grouped together in size groups about a 
nominal size , x ,  ( � S microns) and tabulated at intervals of 10 microns 
over the range of sizes fran 0 to 70 microns. The volume of drops in 
each size group was calculated witn an assumed spherical geometry . Also 
tabulated ware the cumulative volume and cumulat ive volume fract ion for 
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each s ize group . The data are tabulated in Table IV for water ,  chloro­
form, and 4-methyl pentan-2-one . 
B .  Distribut ion Stud ies 
When the logarithm of the droplet diameter is plotted versus the 
cumulative volume fract ion on a probability scale , a straight line will 
result if the distribution of the droplet s izes can be expressed by a 
log-normal d istribution function. Log-probabil ity coordinate paper is 
commercially available or it may be constructed from ordinary semi-log 
coordinate paper. 
By def init ion the standard normal curve has a deviation of unity 
and a zero mean . The total area under the standard normal curve is also 
unity. To construct a probability scale the midpoint of the coordinate 
scale is ass igned the value so per cent of the unit employed (volume , 
number , etc. ) , and represents an area of o. s  of the total area under the 
standard normal curve . The 60th percent ile ( area 0 . 6) is measured a dis­
tance of 0 . 26 l inear units ,  as read from the table of areas under the 
normal curve , from the 50th percentile point . The 4oth percent ile is 
measured 0 . 26 units in the opposite d irection from the 50th percentile 
point . In a s imilar manner the points correspond ing to 10 and 90 per 
cent , 20 or 80 per cent , etc . , can be located with respect to the mid­
point of the coordinate scale . A table of Probits31 facil itates greatly 
the construction of a probability scale . 
The calculations for water illustrate the treatment of the data . 
To determine Xm ,  the maximum droplet d iameter , the values of the observed 
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TABLE IV 
REPRESENTATION OF DISTRIBUTION 
Nominal Cumulative 
Size Group , Volume Cumulat ive Volume 
x ,  Fre- of Drops , Volume , Fr1,1.ct!9n ,  
in Microns quency (microns 3 x l0-3) (microns3 x lo-6) v 
WATER 
5 154 10 . 010 , 0025 
15 209 370 . 380 . 095 
25 lll 910 1 . 29 . 32 
35 23 520 1 . 81 � 45 
45 15 720 2 . 52 . 63 
55 7 610 3 . 13 . 78 
65 6 860 4. 00 1 . 00 
4-METHYL PENTAN�2-0NE 
5 295 19 . 019 . 011 
15 165 292 . 311 . 17 
25 40 328 . 639 . 35 
35 5 112 . 751 . 41 
45 8 382 1 . 13  . 62 
55 � 2�2 1 . 39 .7�  
65 3 432 1 . 83 1 , 00 
CHlOROFORM 
5 169 1 1  . 011  . 005 
15 220 390 . 400 . 18  
25 81 663 1 . 06 . 48 
35 l7 382 1 . 44 . 65 
45 11 525 1 . 97 . 88 
55 3 262 2 . 23 1 . 00 
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d iameters are �lotted versus the volume fraction , V ,  as shpwn in Fi�re 
9 .  The procedpre recommended by Mugele and Evans21 f or arriving at an 
appro�U8�te value of Xm was to read the 90th, 50th , and lOth percentile� 
and calculate Xm f��m Equat ion 14, Miesse and Putnam24 recommended 
us ing an ayer�ge of several val�s of Xm calculated from Equation 14; 
for example , taking values fr� the curve at xs �nd xgs, x1o �nd x9o ,  
etc ,  Employing their method , an average value of Xm was obtained which 
was not always the best value from which to construct a straight line 
when log x/(�-x) was plotted versus volume fract ion . A trial-an4-error 
method was f inally used to obtain the best value of xm, us ing the average 
value calculated from Equat ion 14 as a guide . Using a value of 150 
microns for the xm of water , the diameters were plotted as log x/(xm-x> 
versus volume f raction, V ,  as shown in Figure 9 .  
The value of a ,  t� parametric cpnstant , was determined at uso, 
where u ca x(Cx.��) .  Then from P'igure 9:  
1 1 a = u5o = 0 . 31 = 3 , 23 ( 20) 
The s ize d istribut ion parameter ,  o( ,  was determined from the slope of the 
l ine given by the plot of log u versus the volume fract ion, When the 90th 
and 50th percentiles were used , 
cf o. 394 0 . 394 = -�....p.;..;....:..,.-"T""" = --=-....... -�:::-:-----�""'- = 0. 89 log Cu9olu5o) log ( 0 . 86/0. 31) ( 2J ) 
Thus the upper�limit function for water is represented by the following 
equat ion: 
3 , 23X Yu� = ln ( ax/:xm-x) = ln -15;..0.:..;;.;_;.._x_ ( 22)  
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F igures 10 and 11  illustrate the distribut ion of the droplet 
d ial118ters for chloroform and 4-methyl pentan-2-one , respect ively. The 
upper-��it functions for chloroform and 4-methyl pentan-2-one {hexane ) 
are given be low: 
( 
2 . 88 X 
) YCRC13 = ln lOO - x � 25) 
( 24) 
The values of c( are 0.78 and 0 .98 for chloroform and 4-methyl pentan-2-
one , respectively. 
c .  Mean Diameters 
Two 1118an d iameters were determined for each of the solvents as a 
bas is f or cqapari�g the ir relative s ize d istributions . Mugele and Bvans
�1 
have solved Equat ion 17 for the volume mean d iameter , i31 , and the S�uter 
mea� d iameter,  i32 , and the result ing expressions are l isted bel�: 
- 1 . . ' d"2 
+ 2 a  e 4 
2 1/
r:l�) i 
+ a e 
( 25)  
1 
( 26) 
1 )' ( e 4cr2 1 + a 
By the substitution of the proper values of Xm ,  a ,  and cf in Equations 
24 and 2S, the resulting values were obtained : 
Mean Diatlleter Water 4-Methyl Pentan-2-one Chlorofor;m 
1 9 . 6  16 .7  17 . 6  
21 . S  23 .4 21. 1 
60 
100 r-------------------------------------------T1 1 . 0  
80 o . 8  
60 0 . 6  
40 0 . 4  
� 20 0 . 2  
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Figure 10. Drop s ize d istribution of chloroform. Xm = lOOJD • 
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F igure 11 . Drop s ize d istribution of 4-methyl pentan-2-one . 





DISCUSSION OF RESULTS 
A .  Observed Droplet S izes 
The errors in measuring droplet s ize by microscopic examinat ion 
of the droplets , or facs bniles thereof , have been d iscussed in Chapters 
I and III . Perhaps the most serious error would be the d iscriminat ion 
toward the smallest droplet s izes . due to the fact that extreme ly small 
droplets are more subject to evaporation losses . Also the probable 
failure of the smaller droplets to be bnpacted on the coated sl ide would 
be a serious source of error .  Figure 12 represents a histogram which 
shows the per cent of the total number of droplets observed versus the 
d iameter in microns of each s ize group . There is an abrupt cutoff in 
the distribut ion of the smaller droplets .  This is due partly to the 
manner in which the droplet d iameters were grouped . The smallest s ize 
increment was from 0 to 10 microns . This increment included all the 
observed s izes below 10 microns , and for the d istribution stud ies , a 
nominal s ize of 5 microns was ass igned for this group . The lack of a 
better counting method precluded a narrower range of s ize clas s if icat ions . 
The plots of log x versus volume fraction, as shown in Figures 9 ,  10 ,  
and 11  are l inear except at the larger d iameters where the curves bend 
toward the hor izontal axis . The deviation from l inearity at l arge drop­
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an infinite drop d iameter as the cumulative volume fraction approaches 
unity . This is contrary to physical reality, thus the bas is f or the 
introduction of a maxbnum drop d iameter ,  xm ,  as an upper lbnit to the 
droplet d iameter s ize range . 
B .  Distribution Studies 
The upper-limit. function of the log-normal d istr ibution was f ound 
to be satisfactory f or represent ing the distribution of the observed 
droplet diameters . The s ignificance of the parameter , or, the s ize d is-
tribution constant . is read ily seen by examining the d istribut ion func-
tion: 
dv = _______ xm __ �==�-
x<:xm-x> o- f  2 1T  
e 
1 2 ( 
ax 
ln xm-X ) 
The parameter of has been previously def ined by Equation 5 :  
1 
0 = -cr�v =2==-
dx (27)  
( 5) 
The standard deviation is cr, and or2 represents the var iance of 
the d istribution curve . The parameter o can be associated with the index 
of precision of the d istribution. Large values of d" bnply that the d is-
tribution decreases very rap idly from its maxhnum value , while the inverse 
is true for small values of cl. Using the calculated values of r/ fran 
page 59 g the relat ion between cf. o- ,  and cr2 is sham below: 
Aerosol .s[_ o- cr2 
Water 0 . 89 0 . 79 0 . 63 
4-Methyl Pentan-2-one 0 . 98 o .  7 3  0 . 53 
Chloroform 0 . 78 0 .90  0 . 81 
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There was some degree of uncertainty in determining Xm •  the maxi-
mum droplet d iameter . When Equation 14 was used the average value of 
xm which was obtained was too low to give the best straight l ine when 
log x/(�-x) was plotted versus the cumulative volume fract ion .  The 
nature of the curve drawn through the points when log x was plotted 
versus the cumulative volume fract ion had a pronounced effect on the 
value of Xm thus obtained . There was no bas is for drawing any other 
type of curve except a smooth curve which connected all of the points . 
A straight l ine resulted in a very wide range of values for xm ,  and a 
s hnple average was not felt to be just ified . A trial-and-error method 
proved to be satisfactory for determining the beat value of Xm to use 
in the d istribut ion function.  
C.  Mean Diameters 
The mean d iameters tabulated on page 59 are shown only for the 
comparison of the droplet s izes . The volume mean d iameter ,  i31 , pre­
dicts the order of decreas ing diameter as water ;> chloroform ) 4.methyl 
pentane-2-one . The Sauter mean d iameter ,  i32 , and the median d iameter 
( geometric mean diameter) , i50% , places the order of decreas ing diameter 
as water ) 4-methyl pentan-2-one >chloroform. There was a correlation 
between droplet s ize and l iquid viscos ity and surface tens ion: 
Surface Tens ion Viscos ity X3l X32 xs� 
Aerosol ( dynes per em. ) (mill ipoises )  (microns ) (microns ) (microns) 
Water 72 . 8  10 . 09 19 . 6  27 . 5  37 
4-Methyl 
pentan-2-one 2.5 . 4  5 .46 16 . 7  23 .4  35 
Chloroform 27 . 1  5 . 63 17 . 6  21 . 1  27 
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Far the part icular type of atomizer used and the range of gas 
and l iquid flows normal ly encountered in f lame photometry , it seemed 
apparent that l iquid viscos ity and surface tens ion might be used to 
pred ict the relat ive degree of dispers ion between various aerosols .  
D .  Correlat ion of Droplet Size t o  Evaporation Rates 
The determination of evaporat ion rates of suspended droplets in 
fast moving air streams still remains in a state of conjecture . The 
combustibility of a solvent further complicates the process of evapora­
t ion. However ,  a brief resume of the atomizat ion and evaporat ion of the 
aerosol in the flame suggests certain restrictions upon the conditions 
which lead to excitation in the flame .  The spray is injected d irectly 
into the highly energet ic react ion zone of the flame . The d istance 
between the capillary t ip and the flame front is only 3 or 4 mm. and , 
in terms of time , the aerosol certainly has only a minimum amount of 
thne in which to become a fully developed spray .  It is quite l ikely 
that the full droplet s ize d istribution is never attained before the 
effects of the high-temperature combust ion atmosphere of the flame 
are felt . The thickness of the react ion zone appears to  be 3 or 4 mm. 
for an oxygen-acetylene flame when the carbon line emission is observed 
with a s lit width of . 09 mm . 32 The innerconal region , which includes 
the reaction zone , extends upward from the base of the flame to a 
height of approximately 20 mm. The react ion zone is the most energet ic 
region of the flame , 32 and upwards in the f lame ,  where the secondary 
processes of combustion take place , the energy content of the flame is 
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steadily decreas ing. Although the processes leading to  excitat ion in 
f lames are not fully understood , a solution droplet must be completely 
. .  
evaporated as the f irst step in the chain of events which ultimately 
lead to excitation . The larger part of an excited species in the f lame 
will be a result of the complete evaporat ion of a droplet followed by 
excitat ion in the reaction zone . Since the reaction zone is rather thin 
and the t ime available for evaporat ion and excitation is very short , it 
is reasonable to assume that only the smaller droplets will be evaporated 
in this time interval . Although intermediate s ized drops may be evapo-
rated completely in the innerconal region , the cond it ions for exc itation 
are less favorable and the contribut ion of the added material to the 
flame in this region will not be signif icant . The largest droplets may 
be swept through and out of the flame before evaporat ion is completed . 
Water droplets have been observed to  coalesce on the end of a glass rod 
which was held near the top and off to the s ide of an oxygen-acetylene 
flame when water was be ing aspirated into the flame . 
It might be assumed then that a solvent with a larger percentage 
of small droplets will lead to a higher degree of excitat ion in the 
flame . The fact that a solvent is combustible will further diminish the 
chance that some of the aerosol might pass through the flame incompletely 
evaporated . Prom the work of Wolfhard and Parker33 it seems reasonably 
well established that small organic droplets (diameters less than 20 
microns ) will evaporate with sufficient rapidity so that the f ine mist 
which results will have essentially the same combust ion propert ies  as 
a completely vapor ized fuel .  From Figure 12 , 89 per cent of the droplets 
from 4-methyl pentan-2-one p91sess a d iameter less than 20 microns ; 
� 
chloroform has 78 per cent less than 20 microns , while water has 69 
per cent less than 20 microns . These percentages are in agreement 
with the observed emiss ions of the iron atomic line at 372 my when 
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The higher net emis sion of iron when dissolved in 4-methyl pentan-2-one 
can be attributed t o  the combustible nature of the s olvent . 
*corrected for d ifferent aspiration rates . 
CHAPTER V 
SUMMARY 
The droplet-size d istributions in aerosols of water ,  4-methyl 
pentan-2-one , and chloroform were determined.  The atomizer was the 
Beckman Model 4030 integral aspirator-burner . The aerosols  were 
allowed to �pact upon a microscope slide which had been coated with 
a uniform layer of magnesium oxide . The s l ides were viewed under a 
microscope and the droplet s izes in microns were measured with a f ilar 
micrometer which had been calibrated against a standard stage micrometer . 
The droplet s izes were tabulated in s ize groups about a nominal s ize 
(! 5 microns ) in intervals of 10 microns over the range from 0 to 70 
microns . 
The spec ial upper-l hnit function of the log-normal d istribution 
function was chosen to represent the droplet s ize d istr ibution in each 
aerosol . The parameters associated with the upper-limit funct ion were 
evaluated for the three aerosol systems by a graphic method . 
Some mean d iameters usually associated with spray analys is were 
evaluated to compare the relat ive droplet s ize between the aerosol 
systems . The geometric mean d iameter placed the aerosols in the order 
of decreas ing d iameter: water ) 4-methyl pentan-2-one > chloroform. The 
droplet s ize was shown to be a s ignif icant factor in the extent of ex­
citation in the flame . The observed emiss ion intens ity of iron when 
d issolved in the three solvents followed the trend of the observed 
droplet d iameters . 
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A .  Spectra of Hydrocarbon Flames 
1 .  The CH Bands 
There are three systems of CH emiss ion found in the reaction 
zone of hydrocarbon f lames .  The 431 . 3  � band head is the strongest 
in the 4300 A system , and is degraded to the violet . The 3900 A system 
is weaker in intensity , with the 388 .9  � band head be ing the most 
prominent feature of this system . The band is of very open structure 
and degraded toward the red .1 The weak 3143 A system appears only in 
hot flames such as oxygen-acetylene , and even then the bands are usually 
obscured by the OR bands except for extremely fue l-rich flames . 2 
2 .  The Swan Bands of C2 
- - - -
The Swan bands of C2 are very intense in the reaction zona of 
hydrocarbon f lames . The bands are degraded to  the violet and have 
three prominent band heads at 473 . 7 ,  Sl6 . S ,  and S63 . S  � ·  The Swan 
system is the only band system of consequence for C2 in hydrocarbon 
flames . 2 
3 .  The Atomic Carbon Line 
Carbon possesses an atomic l ine at 247 . 8  � ·  According to Gaydon2 
the emiss ion is found only in very hot flames such as oxygen-acetylene and 
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requires an exc itation energy of 7 . 7  ev. Ross ikhin and Tsykor3 ' cite 
the most probable react ion for the source of atomic carbon as be ing 
CH + H � C + R2 + 1 . 5  ev . ( 1 )  
The relat ively high excitat ion energy required for the excitation of 
the carbon atom indicates the high energy cond it ions present in the 
react ion zone , particularly for oxygen-acetylene . 
4 .  The OR Bands 
The most prominent band head for the OH system occurs at 306 . 4  
� and i s  degraded to  the red . 2 Other band heads are evident from 260 
to 347 � although they are much weaker in intens ity . The OR band 
emiss ion extends well  beyond the react ion zone into the innerconal 
region of the oxygen-acetylene flame . 
5 .  Other � Systems 
A band has been attributed to HC04 although it is predominantly 
associated with cool , low-pressure flames . In hotter flames the band 
is masked by the strong CH and OH emissions . 2 The "Comet Head" group 
of bands from C3 have been reported by Kiess and Bass5 and more recent ly 
by Haser6 as occurring in oxygen-acetylene flames . These emitters con-
tribute l ittle to the observed spectra of the oxygen-acetylene flame , 
but the ir presence is signif icant when the combustion and exc itat ion 
mechanisms of flames are considered . 
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B. Abnormal Exc itation in Flames 
L ine reversal techniques have been successfully used to measure 
flame temperatures . 7 A line reversal t emperature in the reaction zone 
is dependent upon the excitation energy of the l ine used. 8 Alekseeva 
and Mandel 0 shtam9 concluded that a non-Bolt zmann distribution of 
energies existed in the react ion z one of an air-acetylene f lame . This 
conclus ion was reached by the observations made on several atomic lines 
of tin� Consideration of the transition probabilities and excitation 
energies of some tin lines revealed that the observed l ine intensities 
were not compatible with the excitation energies of the lines. Further­
more7  the line reversal temperatures for sodium 9 l ithium, potassium, 
and 'll.! .• :t.l Uum were dif ferent in the react ion zone, whereas each element 
gave the same apparent temperature in the outer mantle of the f lame . 
Gaydon and Wolfhard1 0 used the 306 . 4 m� band of OR to . determine f lame 
temperature from Boltzmann intensity distributions of rotational l ines. 
In all cases these workers obtained tempe ratures which were much too 
high . They observed that the OR radiation from oxygen-acetylene f l ames 
was about 500 times greater than for oxygen-hydrogen flames with compa­
rable temperatures and OR radical concentrations. The OR radiation 
f rom the oxygen-acetylene f lame was much stronger in the reaction zone 
than in the innerconal region. Kane and Broida11 observed similar 
high ro tational energies of excited OR radicals in f l ames .  Comparable 
non-thermal rotational energy distributions ha'� been observed for CH 
and c2 radicals.
12, 13, 14 
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Instances of abnormal excitat ion are not restricted to act ive 
species formed during the combustion mechanism . Gaydon and Wolfhard, 15 
using spectrum line reversal meth ods, observed that many at omic lines 
of iron and lead . which were obtained in emission against the background of 
a carbon arc represent ed a temperature of more than 38 00 °K . The re­
versal t emperature for the resonance lines increased with decreasing 
wavelength of the line. This effect was apparent only in the reaction 
zone of organic flames. No abnormal excitat ion was observed in flames 
of hydrogen or carbon monoxide.15 
A sharp contrast between the spect rum of iron in t he reaction 
zone and in the innerconal gases has been observed. Gaydon and Wolf­
hard8 observed the entire spectrum of neutral iron in t he reaction zone 
but only a few resonance lines at the longer wavelengths in the inner­
canal region . The highest energy level involved corresponded to an 
energy of 7 . 5 3  ev ., or 173 . 5  kcal . per mole. The complete spectrum of 
neutral lead was also observed in t he reaction zone . These effects have 
been observed in low-pressure premixed flames where the reaction zone 
is quite thick ; at atmospheric pressure the reaction zone is only about 
0.02 mm . in thickness.1 6 Nevertheless , the abnormal excitat ion is also 
evident in the latter flames.l5 
c .  Causes for Abnormal Excitation 
The cause of abnormal and very high electronic excitation in the 
react ion z one of or ganic flames remains unknown . l7 The intensit y dis­
tribution among t he iron lines is independent of t he equilibrium flame 
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temperature , and approximately independent of pressure . 8 This fact has 
lead Gaydon and Wolfhard to postulate a s imple coll is ional process 
which is character istic of the combustion mechanism. There is  a strong 
compuls ion to  associate the abnormal exc itation with  the c2 and CR 
radicals in the reaction zone . 8 • 17 • 18 No known species has yet been 
identif ied with the abnormal excitation. 
D .  Excitat ion Processes in Flame Photometry 
The emission of an element , which includes the oxide or hydroxide 
bands and the atomic or ionic line spectra ,  results from the evaporation 
of a solut ion aerosol droplet , the d issociat ion of any molecular spec ies , 
and excitation of the atoms , ions or molecules formed in the flame .  The 
sequence of events and even the nature of the events lead ing to emission 
is still a point of conjecture , especially when us ing organic solvents . 
The steps leading to exc itation in an aqueous solution of a metal 
salt can be considered as f ollows s 19 
MXaq � MXg + H20 ( 2) 
MXg ------ Mg + Xg ( 3)  � 
Mg ------ M + + a· ( 4) � g 
Mg + [�H � MOH] ( 5)  MO 
The above equat ions an feas ible from a purely thermal considerat ion . 
The formation of MO and MOH is usually considered as a result of Equa-
t ion S ,  although the possibility of the direct formation of MO or MOH 
from the s olvated ions cannot be ruled out . Robinson20 has suggested 
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a correlat ion between the ultraviolet radiat ion from a flame and the 
intens ity of metall ic spectra. The absorpt ion of ultraviolet rad ia­
t ion could conceivably contribute to the breakdown of metal hydrates 
and oxides or hydroxides . The ultimate picture of the bas ic mechanisms 
of flame excitat ion processes will remain obscure unt il combustion 
processes themselves are more fully understood . 
E .  Statement of the Problem 
This investigation was concerned primarily with an exploratory 
survey of the emission from the reaction zone of an oxygen-acetylene 
flame .  The presence of abnormal excitation in the reaction zone of cool 
low-pressure flames has been established , and s imilar excitat ion con­
d it ions are presumed to be present at atmospheric pressure . Part icular 
attention was given to those elements which are only excited with dif­
f iculty in the oxygen-acetylene flame .  The development and use of a 
l ight-pipe for viewing select ively the reaction zone was treated in 
same detail . 
CHAPTER II 
APPARATUS AND REAGENTS 
A .  Apparatus 
1 .  Flame Spectrophotaneter 
The f lame spectrophotometer used in this portion was ident ical 
with the equipment described in Part A ,  except for two feature s :  
( 1) the wave length shaft was driven at a reduced rate of . OS revolu­
tions per minute by incorporat ing a larger gear on the wavelength 
drive shaft ; (2)  a l ight-pipe was used to view selected regions of the 
flame . 
2 .  Gas Plows 
The measurement and regulation of gas flows has been described 
in Part A .  
B .  Reagents 
1 .  Demineral ized Water 
Demineral ized water was prepared by pas sing ordinary d ist illed 
water through a column of Amberlite MB-3 resin .  
2 . 4-Methyl Pentan-2-0ne 
Practical grade 4-methyl pentan-2-one was used without further 
pur ification .  
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.3. Bydrobranic � 
Reagent grade fuming hydrobromic acid (49 .7 per cent) was used 
in preparing solutions of the various metals .  
4 .  Arsenic Solut ions 
A standard solution of arsenic(lll) bromide diss olved in 4-methyl 
pentan-2-one was prepared in the following manner :  A 0 . 6602 gram sample 
of arsenic(Ill) oxide was evaporated to  drynes s  with concentrated nitric 
acid . The residue , arsenic(V) oxide , was allowed to cool , and 10 ml . 
of fuming hydrobrcmic acid was added t o  the res idue . Upon standing the 
arsenic(V) oxide is reduced to arsenic(Ill) bromide . Ten ml . of methyl 
alcohol was added to the arsenic solution f ollowed by the add it ion of 
4-methyl pentan-2-one to a f inal volume of 100 ml . This solution con­
tained SOOO )Ug. of arsenic per ml . Less concentrated solut ions of arsenic 
were prepared by the appropriate d ilut ion . 
s.  Antimony Solutions 
A 0 . 5986 gram sample of antimony( lll ) oxide was d issolved in 
fuming hydrobromic acid and evaporated t o  a volume of 10 ml . on a steam 
bath . The solut ion was diluted to a f inal volume of 100 ml . with 4-
metb¥1 pentan-2-one which gave a solut ion containing SOOO)Ug. of antimony 
per ml . Less concentrated solut ions of ant hnony were prepared by appro­
priate dilution . 
6 .  B ismuth Solutions 
A solution containing SOOO)Ug of bismuth per ml . was prepared by 
d issolving 0 .500 grams of bismuth metal in concentrated nitric acid . 
82 
Exces s  hydrobromic acid was added and the solution was boiled unt il the 
evolution of bromine had ceased . The volume of the solution was re-
duced by evaporating t o  a volume of 10 ml . The solution was then d iluted 
to  a f inal volume of 100 ml . with 4-methyl pentan-2-one . tess concen-
trated s olutions of bismuth were prepared by appropriate d ilut ion .  
7 . Calcium Solutions 
A 2 .497 gram sample of calcium carbonate was d issolved in hydro-
chlor ic acid and evaporated to dryness . The res idue was d issolved in 
demineral ized water and diluted to a f inal volume of SOO ml . ,  which 
gave a solution containing lOOO)Ug• of calcium per ml . Less concen­
trated s olutions were prepared by d ilution.  
8 .  Cadmium and Zinc Solutions 
- - ----
Solut ions of cadmium and zinc were prepared by d issolving 0. 100 
gram of each metal in hydrobromic acid and evaporating the solutions t o  
a volume of 10 ml . each . The s olutions were each d iluted t o  a f inal 
volume of 100 ml . with 4-methyl pentan-2-one , which gave solut ions each 
containing lOOO)UI· of the respective metal per ml . 
9 .  Mercury(Il) Solutions 
A solution which contained lOOOJUg. of mercury(Il) per ml .  was 
prepared by evaporating a solution that contained 0. 1589 gram of mer-
cury( II) acetate with an excess of hydrobromic acid . The volume of the 
solution was reduced to 10 ml . and the solution was d iluted to a f inal 
volume of 100 ml . with 4-methyl pentan-2-one . Less concentrated solu-
tiona of mercury(Il)  were prepared by dilution . 
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10 . Plat inum Solutions 
A 0 . 100 gram sample of plat inum wire was d issolved in � regia . 
The excess nitric acid was removed by boiling with hydrochloric acid .  
The hydrochloric acid was removed by cont inued boiling with the add ition 
of hydrobromic acid until fumes of hydrogen bromide were evident . The 
volume of the solution was reduced to 10  ml . and d issolved in a suff icient 
volume of 4-methyl pentan.2-one to give a f inal volume of 100 ml . ,  which 
gave a solution containing lOOO)Ug• of platinum per ml . 
11 . Tin Solutions 
A solut ion which contained lO , OOO )lg. of t in per ml . was prepared 
by d issolving 1 . 000 gram of tin metal in fuming hydrobromic ac id . 
Several hours were required for complete diss olution ,  with only gentle 
warming. Five millil i�ers of methyl alcohol was adde4 to the solution, 
followed by the addit ion of 4-methyl pentan-2-one to give a f inal volume 
of 100 ml . Les s  concentrated solut ions were prepared by the appropriate 
d ilution .  
CHAPTER III 
EXPERIMENTAL RESULTS 
A .  Development of the Light-Pipe 
Preliminary work on the emission spectra from the reaction zone 
involved development of a method for viewing a selected portion of the 
flame and exclusion of radiation from other regions of the flame . 
Marr21 employed a blackened tube with entrance and exit aperature& 
whose d iameters corresponded to the field of vi�w of a quartz lens . 
In this work a device was needed that could be eas ily attached and re­
moved . Space l hnitations precluded the use of a slit arrangement s ince 
it would have required a major modification of the flame hous ing, 
A s hnple light-pipe , or . guide , was found to be quite sat isfactory · 
for transmitting the rad iation from the flame to the entrance l ight port 
of the spectrophotometer .  Early work was done with  a sol id Pyrex rod ; 
later ,  a glass tube , s ilvered on the outer surface , was used . A sect ion 
of aluminum tubing was f inally chosen as the most sat isfactory material , 
The major objection t o  transmiss ion of rad iat ion through a sol id rod is 
the absorption and reflection losses . Ref lection losses  alone amount 
to 4 per cent at each glass-air interface . 22 Absorpt ion losses are 
even larger ; they depend upon the thickness and nature of the absorbing 
med ium and the wavelength of the light . The length of rod that would be 
required in this work ( 1 4  to 15 em. )  would serious ly l imit the trans­
miss ion of light , particularly in the ultraviolet port ion of the spectrum . 
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A hollow alumi�um tube will transmit a l ight beam by mult iple reflec-
t ions from the i�er surface . A highly pol ished aluminum surface will 
reflect abQut 90 per cent of the incident light to as short a wave­
length as 200 �· 
Light-pipes have been used f or the transmiss ion of infrared rad ia­
tion , 23 and a radiat ion pyrometer has been developed us ing � sapphire 
rod l ight-guide ,24 The mathemat ical treatment of the nature of the re­
flect ion , absorpt ion , and scattering of a l ight beam travers ing a 
cylindrical rod or tube is quite complex .23 , 24 , 2S , 26 
B .  Study of Transmiss ion Properties of the Light-P ipe 
A brief at�dy was made on the photoresponse of a barrier�layer 
cell  which was 1ll�inated by a tungsten l ight beam transmitted throu�h 
a l ight.pip• • The ettects of a reflecting and a non�reflecting tuba 
were studied , AJso, the photoresponse of the barrier-layer cell was 
obtained when the l ight beam was allowed to imping� unrestricted upon 
an aperature placed in front of the barrier-layer cell . Figure 13 il­
lustrates the device used to obtain these data. A tungsten lamp was 
' 
mounted on a rack-and-p inion mount to enable the l ight source to be 
moved vert ically in front of the entrance to the light-pipe . The 
arrangement was analogous to moving a burner vertically in front of the 
l ight-pipe for examinat ion of different regions of the flame . The light 
beam was considered to emanate fran a f inite s ized l ight source ; the 
s ize was determined by various diameter aperature& which were plac�d in 
front of the tqngsten lamp.  The sol id angle intercepted by the l ight-
Rear Mounting 
Bracket\ 
Front Mount ing Bracket 
(Rem,e )  
� .... ,, .... 
," 
. ,. .... ' ... � 0,. I t , '" Xi'"' ::' , .... .... .... .... ..... .. .. .. .. ..... ... .... 
Barrier-Layer 
Ce 11 Canpartment 
Figure 13 .  Device f or measur ing transmiss ion properties of the l ight-pipe . 
Not drawn t o  scale . 
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pipe was varie� by moving the light source away from or closer to the 
entrance of the l ight-pipe . The relat ive intens it ies of the l ight flux 
reaching the barrier-layer cell were obtained from galvanomet�r read-
ings of the current output of the barrier-layer cell . 
1. Effect � !h! Light Source Diameter 
Figure 14 illustrates the effect of increas ing the d iameter of 
the l ight source at a f ixed d istance from the entrance of the l ight�pipe . 
The relat ive photoresponse of the barrier-layer cell is plotted veraua 
the pos ition of the light source with respect to t he  axial center of the 
l ight-pipe . The axial center of the l i�ht pipe is represented by the 
zero point on the absc issa. Positive and negat ive d istances represented , 
respectively ,  the pos itions of the l ight source above and below the 
axial center of t�e l ight-pipe . When the smallest d i�ater l ight source 
( 0 . 159 em . )  waa used , the photoresponse curve rqse to a maxhnu� height 
and remained constant so  long as the light beam f illed the l ight- p ipe . 
The curve was aymm�trical about the axial center of the light-pipe . As • 
the d iameter of the l ight source increased , the photoresponse increas�d 
l ikewise although the plateau of the photoresponse curve d hnlnished in 
length. 
Figure 15 illustrates the photqresponse curve when the l ight-pipe 
intercepts a smaller sol id angle . The curves became broadened and lost 
the ir flat plateaus . No d ifference in the intensity of the l ight could 
be detected for the t�o sol id angles represented by the two d istances 






























Diameter of Light Source : 
0 = 0 . 1 59 em . 
0 =  0 . 238 em. 
6 = 0 , 318 em . 
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0 10 
fositi9n of Light Source (mm . )  with R'spect to L�ght-Pipe 
F igure 14 . Plot of relat ive light intens ity versus the pos ition 
pf the light source �or three l ight s ource diameters . Light source 0 . 7  
























Diameter of Light Source : 
0 ;:: 0 . 159 em . 
0 ;:: 0 , 238 em. 
6 r:  0 . 318 em . 
6 4 2 0 -2 -4 - 6  
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-8 ... 10 
Pos ition of Light Source (mm. )  with Respect to �ight-Pipe 
F igure 15 . Plot of relative l ight intens ity versus the position 
of the l ight source for �hree l ight spurce diameters . Light source 3. 0  
em .  from entrance of l ight-pipe . 
2 .  Effect of the Light Source Diameter with ! Non-Reflecting Tube 
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The inner surface of an identical light-pipe was coated with a 
layer of flat black paint. When dry the inside of the light-pipe was 
dusted with N orite to further reduce reflections from the inner surface 
of the light-pipe. Figure 16 illustrates the photoresponse curves ob­
tained under these conditions . The concavity of the curves was the 
result of some refl�ctiop �t extremely small incident angles with the 
walls of the light-pipe as the light source was moved vertically in 
front of the entrance of the light-pipe . The hnportance of the reflected 
light i� seen by compartsan with Figures 14 and lS. 
3 .  Photorespon se Without � � � ! Light Pipe 
The light-pipe and the front mounting bracket were removed (Figure 
13) and the light beam was all owed to fall directly o� an aperture cor­
responding tc the exit end of the light-pipe in front of the barrier 
layer cell . The photoresponse cu rves are shown in Figure 17 with and 
withou� the light-pipe. The distance of the light source from the barrier 
layer cell was the same in both cas es. It is readily seen that the light­
pipe approximately doubled the relative signal received by the detector 
and also made the relative vertical position of the light source to the 
detector very critical as to the point of maximum intensity. The maxi­
mum intensity is observed when the light source is at the axial center 
of the fight-pipe. 
9 
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Diameter of Light Source : 
0 = 0 . 159 em . 
0 = 0 . 235 em . 
� =  0 . 318 em • 
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OL---�����----L---�---L--�k---����� 
10 8 6 4 2 0 -2 -4 -6  -8 -10 
Pos ition of Light Source (mm . )  with Respect to Light-Pipe 
F igure 16 .  Plot of rel ative � ight intens ity with a non-reflecting 
l ight-pipe versus the pos ition of the l ight s ource for three l ight source 
d iameters . L ight source 3 . 0  em . from entrance of l ight-pipe . 
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Diameter of Light S ource :  
0 = 0 , 159 em. without l ight-pipe 
• = 0 .159 em . with l ight-pipe 
0 =  0 . 238 em. without light-pipe 
•= 0 . 238 em .  with light-pipe 
o �--_.���---4--��----�----._�=----����-----
20 16  
Pos ition of Light Source (mm . ) with Respect to Light-Pipe 
Figure 17 . Plot of rel ative l ight intens ity with and without the 
light-pipe versus the pos it ion of the l ight s ource for two l ight source 
d iameters . 
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c .  Mount ing the Light-P ipe 
The light- pipe was placed between the burner and the s l it entrance 
mirror . Figure 18 il lustrates the l ight-pipe mounting bracket which was 
placed between the exit port of the burner housing unit and the entrance 
port of the Beckman DU spectrophotometer . The bracket provided a means 
of adjust ing the light-p ipe so it would be centered on the opt ical axis 
between the burner and the entrance slit of the spectrophotometer . The 
mount ing bracket containing the tube could be conveniently attached by 
swinging the burner hous ing to one s ide and plac ing the bracket in the 
proper pos it ion against the monochrom�tor housing. A tapped hole in 
the s l it plate enabled the bracket to be held f irmly in place with a 
retaining screw. After the bracket was positioned the burner hous ing 
was swung back into its normal pos ition ,  which also ass isted in hold ing 
the b racket in place . Once the l ight-pipe was properly al igned , the 
bracket could be removed without disturbing the al ignment of the l ight­
pipe .  
D .  Alignment Procedure 
Two alignment procedures were found to be sat isfactory . In one 
instance the 247 .8� carbon l ine was used as a s ignal source . Since 
this carbon l ine is  strong only in the react ion z one , its emiss ion 
intens ity provided a means of locat ing the react ion zone . F irst the 
f lows of the fuel gases were set to the des ired value s .  The burner was 
then pos itioned at an arbitrary height . The l ight -pipe was then adjusted 









Tapped Hole f or 
Retaining Screw 
F igure 18 . L ight-pipe mounting bracket for Beckman Mode l D U  
spectrophotometer with flame attachment . Not drawn to  scale . 
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vert ical ly or laterally to obtain the maxhnum emiss ion intens ity for 
the carbon l ine . 
A second procedure was similar to that described in the Beckman 
27 instruction manual . The phototube hous ing and the sample compartment 
were removed from the monochromator chass is .  Light from a tungsten 
bulb was projected through the exit alit of the monochromator • .  The 
light-pipe was then ad justed to transmit a perfect circular area of 
l ight as observed on a piece of paper held at the end of t he l ight -pipe . 
When the l ight-pipe was concentric to the opt ical axis of the mono-
chromator the circular l ight pattern was observed . Any deviat ion from 
the concentric pos ition resulted in a distorted l ight pattern due to 
an unbalance in the d istr ibution of the light reflected from the wal ls 
of the light-pipe , This method of al ignment was necessary only when 
the l ight-pipe was init ially al igned . The f irst method of alignment 
described was used frequently to allow for changes in flame geometry 
and for fine adjustment when the burner was suspected to  be s lightly 
out of al ignment with t he opt ical axis of the monochromator . The al ign-
ment of the tube was very cr it ical . Vert ical changes of only 1 or 2 mm. 
caused as much as an 80 per cent variation in the s ignal strength. 
E .  Emission Zones of Flame Spectra 
1 .  Carbon L ine 
The f lame spectrum of the 247 . 8-� carbon l ine is shown in Figure 
19 . The emiss ion intens ity of the 247 . 8-� carbon l ine when plotted 
versus relat ive flame region viewed , as shown in Figure 20 , was confined 
247 247 . S 248 248 . S 249 
Wavelength, � 
Figure 19 . Flame spe ctrum of carbon showing the atomic line 





Flame Region Viewed , mm . Above Burner Tip 
F igure 20. P lot of emiss ion intens ity of the 247 . 8-� carbon 
l ine versus relat ive flame region viewed . 
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to a very narrow region of the flame . The 247 . 8-� carbon l ine serves 
as an ind icat ion of the reaction zone region of the flame . The line 
emiss ion of carbon is  limited to  a 3 to 4 mm .  portion of the total 
flame he ight . The data shown in Figure 20 are for a rat io of oxygen 
flow to acetylene flow of 2 . 0 .  The instrument sett ings were as fol-
lows : slit width , 0 . 09 mm . ;  per cent adjust , 70.  
2 .  CH and C2 Band Emiss ion 
- - - -- ----
Emiss ion from these band systems was also conf ined to the react ion 
zone .  F igure 21 illustrates the very limited region of the flame in 
which CH and C2 emiss ion occurs . The 431 . 1-� en band head intens ity 
and the 516 . 5� C2 band head intens ity are plotted versus the re lat ive 
flame region viewed . Although the zone of emiss ion is quite small for 
lean flames , the high intens ity of emiss ion and broad d istribution of 
the bands results in a very high level of background rad iat ion , especially 
in the reaction zone . The rat io of oxygen flow to acetylene flow was 2 . 0. 
The s l it width was 0 . 01 mm .  and the per cent adjust sett ing was 20 . 
3 .  OR Band Emiss ion 
A plot of the 306 .7-mp OR band head intens ity versus the re lat ive 
flame region viewed is shown in Figure 22 . In t his system the OR band 
intens ity reaches it s maxhnum just above the react ion zone . The emis-
s ion extends well  into the innerconal region of the flame . The rat io 
of oxygen to acetylene and instrument sett ings were ident ial wit h  t hose 
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Figure 21 . Plot of emission intens ities of the 431 .1-m)l CH band 
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Flame Region Viewed , mm . Above Burner Tip 
Figure 22 . Plot of emiss ion intens ity of the 306 . 7-mp OH band 
head versus flame region viewed . 
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F .  Flame Spectra of Metals in the Reaction Zone 
1 .  Procedure 
101 
Solutions of several metal bromides dissolved in 4-methyl pentan-
2-one were prepared and aspirated into the flame .  The wavelength regions 
were scanned where the arc lines of the metals were known to occur. 
2 .  Instrument Settings 
A 1 . 5  to 1 rat io of oxygen fl� to acetylene flow was used to in­
sure a thic� react ion zone , The instrument sett ings were as eotlows : 
s l it width . 0 , 1 3  mm . ; sensit ivity . 60 volts per dynode ; per cent adjust . 
50 , These sett ings were used consistently throughout the studies made 
on �he reaction zone 1 unless otherwise ind icated . 
3 ,  Arsenic Spectrum 
The 228. 8-� and 234 , 9-� linea of arsenic were read ily detect­
able ln the reaction zone of the flame .  The f lame spectrum of the 
234 , 9-� arsenic line is shown in figure 23 .  Figure 24 illqstratee the 
emission intens ity of the 234 , 0-� arsenic line as a funct ion of the 
flame region viewed . The arsenic emission was essentially absent above 
the inner cone of the f lame , The opt imum region for maximum emiss ion 
intens ity occurred fram 3 to  4 mm. above the react ion zone . The emis­
s ion sens itivity of the 234 . 9-� arsenic line was 2 . 2  ug, per ml , per 
per cent T (or 0 , 1  mv, ) .  
4 , Antimony Spectrum 
Lines for ant imony were observed at 231 . 2  � · 252 . 8  mp 1 and 239 . 8  
.,... . The flame spec1:rlD'Il of the 232 . 8-mp line of antimony i s  shown in 
234 234 . 5  235 
Wavelength , mp 
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235 . 5  
Figure 23 . Flame spectrum of arsenic showing the atomi� l ine 

























0 = 234 . 9-'!?1 Arsen ie Line 
0 ::  2.52 . 8-ny.t Antimony Line 
6, = 223 . 1-m)l Bismuth Line 




Figure 24.  Plot of emission intens it ies of arsenie ,  ant bnony and 
bismuth versus fl�me region viewed . From a solut ion eontain �ng 200, 80, 
and .500 )lg.  of ars�n ic , antimony , and bigmuth , respect ively, per ml . of 
4-methyl pentan�2-one . 
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Ftgure 25 � The emission i�tens ity d istribut ion of ant bnony in the flame 
w•s very s �ilar to that of arsenic (Figure 24) . The emission sens i-
t ivity of the 252 , 8-� line of antimQny was l . O )Ug.  per ml . per 0 . 1  mv. 
5 ,  B ismuth Spectrum 
B �muth displayed several de�ectable l ines in the react ion zone ,* 
Most intense was the 223 .0-� line . The f lame spectrum of the 223 , 0-
� line and t� 222 . 8-m� line of bismuth ar� shown in Figure 26 ,  The 
twp l ines are incompletely resolved , however the sl ight overlap at the 
base of the two l ines does not preclude t�e use of t� 223 .0-� l ine , 
Th' emis• ion sens itivity of the 223 . 0-� line of bismuth was 6 , 4  pg , per 
ml , per 0, 1 mv, Figure 24 shows the s imilarity of the bismuth em�ss ion 
intensity distributlo� curve to the curves for arsen ic and a�t tmpny. 
6 .  �in �rec.��� 
Tne flame spectrum of t �n cons ists of several l ines of which t�e 
more sens itive are lines at 235 .4  � a�d 24� ,9  � ·  Two topic l ines 
were identified 4t 2201 � mp and 248 . 3  mp. Figure 27 shows the emiss ion 
intens ity d istribution of the 248 � 3-� ionic l ine of t in in the fl�me , 
The emis sion intens ity d�stribut ion of the 247 . 81m)l l ine of ca�bon is 
also shown to locate the reaet ion zone of the flame in re lat ion to the 
tln emis� ion , Figure 28 illustrate� the em�s- ion intens �ty distribut�on 
of the 242 , 9-� atomic � ine of tiq �i�� respect to  the react ion �one . 
The �eglon of maximum int�ns ity for the atomic l ine and the ionic lin� 
*A complete tabulat ion of the l ines observed f or b ismut� and �he 
other metals is given in Table VI , Chapter lV of this part , 




Flgure 25 ,  Flame spectrum of ant bnony showing the atomic line 
a� 252 . 8  1D)l •  
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Wave length, m)l 
223 . 5  
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Figure 26 .  Flame spectrum of bismuth showing the atomic l ine� 
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Flame Region Viewed , mm .  Above Burner Tip 
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Figure 27 � Plot of emission intens ities of t in and carbon as a 
function of flame region viewed . From a solution containing lOOOJig.  
of tin per ml . of 4-methyl pentan-2-one . 
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Flame Region Viewed , mm. Above Burner Tip 
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F igure 28 . Plot of emis sion intens ities of tin and carbon as a 
funct ion of flame region viewed . From a solut ion containing 100 ug. of 
t in per ml . of 4-methyl pentan-2-one . 
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is identical . The emiss ion sensitivities of the ionic l ines and the 
more sens it ive atomic l ines are as fol lows : 
Wavelength (mp) 
220 . 9  ( ionic) 
235 . 4  
242 . 9  
248 .3  ( ionic)  
7 .  � Spectrum 
Emiss ion Sens itivity 
(pg.  per ml . per 0 . 1  mv . )  
26 
1 . 6  
17 
Only one weak l ine was observed for zinc at 213 . 8  �· The emis­
s ion sens itivity was 77 )lg .  per ml . per 0 . 1 mv. 
8 .  Cadmium Spectrum 
The resonance l ine of cadmium at 228 . 8  � was read ily observed 
in the reaction zone . The emiss ion sens it ivity was 4 .2 pg.  per ml . per 
0 . 1  mv .  
9. Mercury Spectrum 
The resonance l ine of mercury at 253 . 6  � was observed in the re­
act ion zone of the flame .  The emiss ion sens it ivity was 2 . 5  pg.  per ml . 
per 0 . 1  mv. 
10 .  Plat inum Spectrum 
The emission spectrum of platinum was weak in the react ion zone . 
The atomic l ine of plat inum at 265 . 9  mp was the most sens it ive l ine 
observed ; its emiss ion sens itivity was 15 )Ug•  per ml . per 0 . 1 mv. 
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G.  Interfe renee Studies of Arsenic , Ant lmony, and Bismuth 
1 .  Self-Ab.sorption Studies 
Curves of the logarithm of the emis sion intens ity versus the 
logarithm of the concentrat ion f or arsenic , antimony, and b ismuth are 
shown in Figure 29 . These curves are for the 234 . 9-� line of arsenic , 
the 252 .8-� l ine of antimony , and the 223 .0 -� l ine of bismuth . Anti­
mony did not suffer from any self-absorption at least to a concentrat ion 
of 200JUg•  of ant hnony per ml . For arsenic the onset of self-absor�t ion 
began at a concentration of l50)lg·  of arsenic: per ml . and f or bismuth 
above 70 pg.  of bismuth per ml . The linear regions of the log-log curves 
had slopes of 0 . 90 ,  1 . 1 , and 1 . 1  for ant hnony , arsenic , and bismuth ,  re­
spective ly. The low emission sensitivity of bismuth would exclude the 
use of the linear portion of the bismuth emission intens ity versus con­
centration curve . 
2 .  Mutual Interferences 
A mutual interference study was conducted on the emission inten­
s it ies of arsenic , ant hnony , and bismuth . The presence of ant hnony 
and bismuth,  at least up to 500 )lg•  per ml . ,  did not effect the emis­
s ion intensity of the 234 .9-� l ine of arsenic . However , arsenic de­
pressed the emiss ion intens ity of the 252 . 8� l ine of ant b!ony. For 
a solut ion containing 80 )lg. of ant imony per ml . ,  the apparent concen­
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Figure 29 . Plot of emis sion intensity versus concentration on 
logar ithmic coord inates for arsenic , antimony , and bismuth.  
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B ismuth had only a sl ight repress ive effe ct on the emiss ion 
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intens ity of antimony . For a solution containing 80 )lg ·  of antimony 
per ml . and 400 )lg.  of bismuth per ml . ,  the apparent concentrat ion of 
ant imony was 79 yg.  of ant imony per ml . 
The emiss ion intens ity of the 223 .0-� line of b ismuth was not 
affected by the presence of at least 500 JUg ·  of arsenic or ant imony 
per ml . 
3 .  Effect � T in and !.!:..!!.= � � Emiss ion Intens ity � Arsenic 
Tin exhibited a strong line at 235 . 5  m� which was incompletely 
resolved from the 234. 9-mp line of arsen ic . Figure 30 shows the degree 
of overlap between the t in and arsenic lines .  It was possible to make 
a base l ine reading of the background from the short wavelength s ide of 
the 234 . 9� line of arsenic . A concentrat ion of at least lOOO)Dg•  of 
t in per ml . had no effect upon the emiss ion intens ity of arsenic from 
a solution containing 200 ;ug. of arsenic per ml . 
The 228 . 8-� line of arsenic suffered from d irect spectral inter­
ference by the 228 . 7-� l ine of t in .  The specificity factor ,
28 which 
represent s  the rat io of the concentrat ion of tin to the concentrat ion 
234 
234 . 9-� 
Arsenic 
L ine 
















1 { 235 . 5-<1)1 Tin Line 
235 . 5  236 
Figure 30. Flame spectrtDn of arsenic and t in showing the 
degree of resolution of the 234 .9-� arsenic l ine and the 235 . 5-� 
tin l ine .  
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of arsenic that would each give the same emiss ion sensitivity , was 13 . 3 .  
Z inc had a severe repress ing effect upon the emiss ion intensity 
of arsenic . For a solut ion containing 200 )Ug•  of arsenic per ml . ,  the 
following concentrations of arsenic were ind icated in the presence of 
z inc: 
Apparent Concentrat ion of Micrograms of Zinc 
Arsenic (pg.Aml . )  per ml . 
200 0 
195 200 





H .  Rat io of S ignal-to-Background Us ing the Light-P ipe 
It has been establ ished that the use of a l ight-pipe proved valu-
able for examining various zone s of the f lame (Figures 27 and 28) .  Also 
a degree of amplificat ion was obtained that was independent of the 
s ignal-rece iving and -amplifying circuitry (Figure 17) . For example , 
the intens ity of the carbon l ine at 247 . 8  � from a dry flame ,  as a 
function of flame region viewed , is shown in F igure 31 . The upper curve 
is the emission intensity of the carbon l ine observed with the l ight-
pipe . The lower curve represents the emission intensity of the carbon 
line observed without the l ight-pipe . The mirror behind the flame was 
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c 40 0 •rf f1J 
f1J •rol 30 a 
() = With Light-Pipe 
0 = Without Light-Pipe 
3 5 6 7 8 9 
Flame Region Viewed , mm .  Above Burner Tip 
Figure 31 . Plot of emission intens ity of the 247 . 8-� carbon 
l ine as a funct ion of the flame region viewed . 
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blocked to prevent back reflect ions from other regions of the f lame not 
d irectly in the l ine of s ight of the light-pipe . The instrument settings 
were as follows : slit ,  0 . 09 mm . ; sens it ivity , 60 volts per dynode ; per 
cent adjust , 5 ;  ratio of oxygen flow to acetylene flow was 2 . 0 .  The 
emission intens ity of the carbon l ine was increased s ix-fold at the 
region of maximum intens ity .  Without the l ight-pipe the emiss ion in­
tens ity of the carbon l ine was virtually constant over the same relative 
region of the f lame . 
The s ignal-to-background rat io was also improved by the use of 
the l ight-pipe . It was observed that the elements arsenic , antimony, 
bismuth,  and tin exhibited the ir maximum emiss ion intens ity in a very 
small region of the flame . The majority of the flame was emitt ing con­
tinuous radiat ion and d iscrete radiation from several band systems such 
as CH ,  C2 , and OR . The l ight-pipe enabled the burner to be pos it ioned 
precisely to  view only the zone of maximum emiss ion intens ity of the 
element . In addition ,  the only background s ignal that was observed was 
that from the flame region d irectly in view of the l ight-pipe . Thus a 
higher percentage of the total emiss ion was the des ired s ignal whereas 
the overall background intens ity was greatly reduced . This fact is 
readily seen in Figure 32 where the emission intensity of the chromium 
triplet , centered about 520 � ·  and the background intens ity was plotted 
versus the f lame region viewed . The nature of the emiss ion intens ity 
d istribut ion in the flame is shown when the l ight-pipe was used . As a 
comparison the emiss ion intens ity d istribution is shown when the total 
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e = 520-'II91 Chr.anium Triplet ; with 
Light-P ipe 
0 = 520-mp Chromium Triplet ; without 
Light-P ipe 
• = Background ; with  L ight-Pipe 
0 = Background ; without Light-Pipe 
Flame Region Viewed , mm. Above Burner Tip 
F igure 32 . Plot of emiss ion intens ity of the 520-� chromium 
triplet versus relative flame region viewed . 
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a flame region corresponding to a burner sett ing of 15 mm. ( normal 
burner position in a f ixed mount) a net s ignal of 62 scale d ivisions 
was obta ined with a s ignal-to-background rat io of 1 . 6  when the l ight­
pipe was used , The radiat ion from an open flame gave a net s ignal of 
49 s cale d ivisions with a correspond ing signal-to-background ratio of 
only 0 , 63 .  The instrument settings were as follows : sensitivity , 60 
volts per dynode ; sl it , 0 . 03 mm . , per cent adjust , 3; rat io of an 
oxygen flow to acetylene flow was 2 . 5 .  The background in this region 
of the spectrum is caused by the strong Swan bands of C2 superhnposed 
on the C2 cont inuum . The increased signal-to-background rat io enabled 
the sl its  to be opened wider to a larger degree which in turn gave a 
higher emission read ing .  Of course , the s ignal-to-background rat io 
also depends upon the nature of the spectral and flame regions viewed . 
Same signal-to-background ratios are given in Table V.  
I ,  Observations on the Emiss ion Intens ity Distribution of Calcium 
An aqueous solution which contained 100 ppm of calcium was 
aspirated into the flame and the emiss ion intens ity of the 422. 7-� line 
of calcium was observed in var ious regions of the flame as shown in 
Figure 33.  The instrument sett ings were as f ollows : sens it ivity, 60 
volts per dynode ; slit ,  0 . 025 mm. ; per cent adjust , 3 ;  the oxygen to 
acetylene flow ratio was 2 . 5  to 1 . The emiss ion intens ity d istribution 
of the 247 .8-� line of carbon is also shown to locate the relat ive 
pos it ion of the reaction zone . The region of maxUnum intens ity occurred 
well into the innerconal region of the flame although the emission 
TABLE V 
SIGNAL TO BACKGROUND RATIOS AS OBSERVED WITH THE LIGHT-PIPE 
AND WITHOUT THE LIGHT-PIPE 
Wavelength , S iinal-to-Background Ratios 
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Element mf With Light-Pipe Without Light-Pipe 
As 234 . 9  1 . 1  o . sa 
B i  223 . 0  0 . 75 0 . 65 
ca 247 . 8  o. ee 0 . 26 
Cr 520 . 6b 1 . 6  0 . 63 
aDry flame . 


















e = 247 . 8� carbon 1 ine 
0 =  422 . 7-� calc ium l ine 
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F igure ��.  Plot of emiss ion intens it ies of t he 422 . 7� cal c ium l ine and t he 




intensity d istribution was also spread throughout the flame . The d is­
tribution for calcium is contrasted with the intens ity dist�ibution of 
t in ,  shown in Figures 27 and 28 , Although the initial portions of 
the intens ity curves for t in and calc ium or iginated in the react ion 
zone , the emiss ion intens ity of tin reached a maxbnum value much closer 
to the region of the react ion zone . 
CHAPTER IV 
DISCUSSION OF RESULTS 
A .  Application of the Light-Pipe to Flame Photometry 
The light-pipe was useful when viewing different regions of the 
flame .  The transmission characterist ics of a reflecting and a non­
reflect ing light-pipe were studied . Reflections from the inner walls  
of the l ight-pipe contributed greatly to  the relat ive intens ity of  the 
s ignal rece ived by the detector . A light-pipe interposed between the 
flame and the entrance sl it intercepted a larger port ion of the lumi­
nous flux emanat ing from the flame . Various molecular band systems of 
the flame gases could be observed as d ifferent regions of the flame 
were viewed . The reaction zone of the flame could be defined sharply 
by following the emiss ion intensity distribut ion of the 247 . 8� line 
of carbon. The use of the l ight-pipe permitted the determination of the 
opt hnum flame regions for observing the emiss ion of a part icular element . 
B .  Flame Spectra of Metals in the Reaction Zone 
A tabulation of the l ines observed f or several elements in the 
react ion zone of the flame is given in Table VI . The values of emission 
sens itivity are given only for the more intense l ines . The l ines ob­
served are located in the ultraviolet region of the spectrum. One dis­
advantage when observing the reaction zone of the oxy�n-acetylene flame 




EMISSION LINES OBSERVEP FOR SOME ELEMENTS IN THE REACTION ZONE 
Wavelength of 
Li.n�s Observed , Emiss ion Sensitivit ies � El!!ment m� l.g .  per ml , per % T 
As 2,28 . 8  
�34 , 9  ;! , 2 
B i  206 .2  
211 . 0  
213. 4  
��2 . 8 
�23, 0  6 , 4 
227, 7  
,240 , J  
289 .8  
Cd �28 , 8  4 . 2  
ftg �33, 6  2 . 5  
Pt 246 .7  
2�8 , 7  200 
�6� . � 100 
265 ,9  l S  
Sb 231 . 2  
252 . 8  1 . 0  
259 , 8 
Sn 2�0. 9 Uonic) 26 
224 , 6  
226 . 8  
231 � 7  
233 .4  
235 . 4  
242 ,2  
242 .9 1 , 6  
248 , 3  ( ionic) 17 
254 . 6  
257 . �  
270. 6  
284. 0  
Zn 213 . 8  77 
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systems and the continuous emission of radiant energy always present 
in the initial stages of the combustion process . Above 260 � the OH 
band system became more troublesome as far as the nature of the back­
ground was concerned . At wavelengths below 260 � it was possible to 
open the s l its to at least 0 . 1 3 mm .  yet to retain a suff icient de gree 
of resolution and s ignal stabil ity . Fortunately , for the elements 
arsenic , ant imony , bismuth .  and t in ,  the major portion of the ir line 
spectra l ie in the ultraviolet region of the spectrum which is rela­
t ively devoid of f lame background emiss ion . Spectral interferences 
were minimal except for the 247 . 8� line of carbon which is f ound only 
in the reaction zone , and the intense 306 .4-m� band head of the OH 
system which overlaps the bismuth line at 306 .7  � ·  
The emiss ion l ines tabulated in Table VI were for metal bromides 
d issolved in 4-methyl pentan-2-one . The emiss ion characterist ics of 
the elements were influenced by similar solvent and anion effects . Be­
cause the vast majority of the line s  observed were resonance l ine s ,  
which involve the ground state of · the neutral at om, nearly all of the 
l ines were subject to self-absorption .  This was especially true for 
bismuth (F igure 29) . 
S ince the excitation energy of the 247 . 8-mJ line of carbon is 
7 . 68 ev. , the presence of the carbon l ine in the reaction zone ind icates 
that extremely energet ic cond it ions prevail in the reaction zone of the 
oxygen-acetylene flame . Because only a very narrow region of the flame 
possesses this high energy, the emission of the more energet ic atomic 
l ines are limited to a small region immediately above the reaction zone 
(Figures 24 and 28 ) .  
Robinson29 failed to detect the elements arsenic , ant bnony , 
t ' '  ' 
bismuth,  cadmium , mercury , platiqum , and z inc frqn soluti�ns which 
contained 1000 ppm in metal ion when employing an oxygen-cyanogen 
flame . This flame had a a� iabat ic flame temperature of 4soo•c . ,  
125 
approxbnately 1soo• highef than the temperature of an Qxygen-a�etylene 
fl� . Thia fact lends credence to the e�istance of abnormal excita-
tion cond �t ions 'n hydfocarbop flames . The C2 band system is the only 
one in c�mon to both oxygen-acetylene and oxy�en-cyanogen flam�s , 
w�reas CH and OH bands �r� always found in hyd�ocarbon flames , This 
would seem to eliminate the C2 rad icaJ ffom an excitat�on mechanism �n 
�� oxygen·•cetyle�e flame , although the c2 rad ical may be involved in 
an intermediate step dur ing the combustion process of hydrocarb� flames . 
c .  Interference Studies of Ars�pic , Antimony, and Bismuth 
The curves of emiss ion intens ity ve�sus concentration for �rs�n ic ,  
ant hnony , and bismuth are shown in Figure 29. AppreciabJe self-absorpt ion 
is evident for the 223 ,0 -� line of b�smuth , whereas ar�enic and anti� 
mony exhibi�ed l inear curves ,  at least over the copcentrat ion of ararnic 
and antimony invest igated , The presence of ant imony and bismuth did not 
a�feot the em�saion intens �ty of the 234 .9� line of arse�ic . The 
2�� . 8� l ine of ant imony was affected only by the presence of arsenic . 
The 223 .0-� l ine of bismuth was unaffec�ed by e ither  arsenic or bis­
muth . Tin and z inc had a not iceable quenching effect upon the emiss ion 
of arsenic . In view of these prelhninary stud�es upon the emis sion 
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character istics o� arsenic , antimony , and b ismuth , a flame spectro­
photometric method of analys is appears to be feas ible for the deter­
minat ion of these elements .  Antimpny and bismuth have been extracted 
us ing the sod ium salt of d iethyld ithiocarbamate , and arsen ic has been 
extracted us ing the d iethylammonium salt of d iethyld ithiocarbamate , 3
° 
Tne l ight-pipe would be necessary to obtain the opt imum signal-to­
background rat io s ince the emiss ion zones in the fJame for arseniq , 
ant imony , a-qd bismuth were very nJrrow. 
D, Observations op the Emiss ion Intens ity Distriqut i�n of Calc ium 
F�gure 33 illustr4tes the wide emiss ion zone for calcium in the 
inner cone and extend ing out into the f lame man�le . Contrast th�s with 
the emiss ion zone for tin , sho� in F�gures 27 and 28 . The 248 . 3�� 
ionic line of tin follows the same emiss ion intens ity d istribut ion in 
the f lame as does the 242 . 9-� atomic line pf t in.  S ine� the ion�za­
t ion potential for s ingly ionized t in is 7 , 3  ev. , the presenqe of the 
ioniq l ines would be expected to be r�stricted to the energetic react ion 
zone . By contrast , the 422 , 7-� l ine of calcium has an exc itation 
potent ial of only 2 � 93 ev, an� the temperature of the flame is suf­
f iciently high in the inner-conal region to allow exc itat ion over a 
�ider region of the flame , This fact wou�d seem to  �nd icate that the 
use of a f ixed burner mounting, in the manner employed in commerc ially 
available instrument s ,  is not always des irable . The exc itation energy 
of the pafticular element determine s the proper flame region from which 
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to obtain the maxbnum emission intens ity. 
E .  Suggest ions for Further Study 
In this study the solvent and anion were purposely kept constant 
to el hninate poss ible effects of the solvent and the anion on the emis­
s ion characterist ics of the elements stud ied . The light-pipe pe�itted 
the react ion zone and the zone of max�um emiss ion for a l ine or band 
to be determined quite readily,. Thus a study of the effects of anion 
and solvent on the emiss ion from a particular element would be possible . 
No attempt was made to ascertain the opt bnum cond it ions for excitation 
of the elements invest igated . Since a flame-spectrophotometric method 
for t hese elements appears to be feas ible , a more complete study of 
interferences , optimum excitation cond itions , and methods for extrac­
t ion of the metals into an organic solvent would be des irable . 
The light-pipe was constructed from a length of ord inary aluminum 
tubing.  The inner surface of the l ight-pipe was pol ished as well as 
poss ible with the l imited facilit ie s  available . A mirror f inish on 
the ins ide of the l ight-pipe would bnprove the eff iciency of the re­
flect ing surface . Perhaps , a more thorough study of the opt ical 
propert ie s  of the l ight-pipe would also be desirable . 
CHAPTER V 
SUMMARY 
The present investigation was concerned with a pre l iminary study 
of the nature of the emission spectra of several elements in the reac­
tion zone . Arsenic , ant imony, bismuth , and t in were found t o  give a 
l ine emiss ion spectra only in a very narrow region of the flame .  This 
emiss ion zone was related to the h i� energy react ion zone in that the 
exc itation and emission were restricted to a region that was immed iately 
above the reaction zone . The emiss ion intensity of calcium, however , 
was spread throughout the flame mantle . The emission sens it ivities of 
the elements arsenic , ant imony , bismuth,  cadmium ,  mercury, plat inum , 
and z inc in an oxygen-acetylene flame were found t o  surpass the values 
that have been reported f or these elements in an oxygen-cyanogen flame . 
A f lame-spectrophotometric method would appear t o  be feas ible for 
arsenic , ant imony , and bismuth.  
A light-pipe was developed which permitted the various regions of 
the flame t o  be viewed select ively apart from t he  remainder of the 
f lame .  The ref lect ions from the wall s  of the light-pipe al so provided 
an enhancement of the signal . The s ignal-to-background ratio was also 
greatly improved by the use of the light-pipe . 
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